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ABSTRACT 


In  recent  years  many  authors  have  published  papers  discussing  the 
theoretical  merits  of  injecting  stecm  into  the  gas  turbine  cycle.  This  experimental 
work  investigates  the  problem. 
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the  cycle.  Comparing  the  experimental  results  with  theoretical  calculations  for  the 
same  cycle,  good  agreement  was  obtained,  indicating  that  the  effect  may  have  been 
correctly  predicted. 
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NOTATION 


°A.  P.  1 . 

American  Petroleum  Institute  Gravity  Scale 

B.T.U . 

British  Thermal  Unit 

°C. 

degrees  Centigrade 

c.c. 

combustion  chamber 

comp . 

compressor 

Cp 

constant-pressure  specific  heat 

Cv 

constant-volume  specific  heat 

°F. 

degrees  Fahrenheit 

FE 

flow  energy 

H 

isentropic  heat  drop 

h 

enthalpy 

h 

heat-transfer  coefficient 

Hg 

mercury 

h2o 

water 

HP 

horsepower 

HR 

hour 

IE 

internal  energy 

J 

Jou  le 

k 

specific-heat  ratio:  Cp/Cv 

KE 

kinetic  energy 

Kg 

kilogram 

kCd 

kilocalorie 

— 


L.H.V. 

lower  heating  value 

Ibf 

pound  force 

Ibm 

pound  mass 

m 

mass  rate  of  flow 

P 

pressure 

PE 

potential  energy 

Ps 

static  pressure 

p.s.  i . 

pressure 

p .s.  i .  Q. 

absolute  pressure 

p.s.i.g. 

gauge  pressure 

Pt 

total  pressure 

Q 

total  heat  transfer 

R 

gas  constant 

°R 

degrees  Rankine 

R.P.M. 

revolutions  per  minute 

s 

specific  entropy 

sec . 

seconds 

T 

absolute  temperature  in  degrees  R 

Tt 

total  absolute  temperature  in  degrees  R 

turb. 

turbine 

U 

circumferential  speed 

U 

internal  energy 

V 

specific  volume 

. 
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w 


work 
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pressure  ratio 


adiabatic  efficiency 


compressor  adiabatic  efficiency 


CHAPTER  1 


INTRODUCTION 

The  fundamental  problem  considered  in  this  experimental  investigation 
is  the  effect  of  steam  injection  on  the  thermal  efficiency  of  a  simple  open  cycle  gas 
turbine. 

1  , 1  History 

While  the  historical  development  of  the  gas  turbine  is  completely  docu¬ 
mented^  and  too  lengthy  to  be  presented  here,  a  few  significant  developments,  some 
of  which  have  been  patented,  as  described  in  literature,  should  be  noted. 

The  basic  principle  underlying  the  gas  turbine  has  been  known  since  the 

2 

time  of  the  ancient  Greeks  ,  and  the  first  cycle  patent  was  given  to  John  Barber  in 
1791  in  England.  This  patent  included  all  the  elements  of  a  modern  simple  gas  turbine 
except  that  the  compressor  was  of  the  reciprocating  type  and  provision  was  made  for 
cooling  the  hot  gases  by  water  injection. 

Of  much  greater  interest,  however,  is  British  patent  No.  1328,  awarded 
to  W,  F.  Fernihough  in  1850,  for  a  mixed  steam  and  gas  turbine  unit.  It  is  typical  of 
other  patents  that  were  based  on  the  use  of  a  combination  of  combustion  gases  and 
steam  to  drive  a  turbine.  This  one  in  particular  consisted  of  a  boiler,  where  high 
pressure  air  was  added  to  the  fuel  and  the  mixture  burned,  in  which  the  hot  gases  of 
combustion  rose  into  a  heat  exchange  matrix  into  which  water  was  sprayed.  The  hot 
gases  and  the  matrix  would  convert  the  water  into  steam  by  direct  contact,  and  the 
mixture  then  travelled  through  a  nozzle  impinging  on  a  turbine  wheel. 
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Although  serious  attempts  at  obtaining  a  successful  gas  turbine  were  made 
3 

in  the  late  1800‘s  ,  it  was  not  until  1905  that  the  first  significant  success  was  achieved. 

This  was  done  by  the  Societ^ Anonyme  de  Turbomoteurs  in  Paris,  who  built  a  gas  tur- 
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bine  which  did  drive  itself  even  though  its  efficiency  was  very  low.  '  Again  a 
combined  cycle  was  used,  that  is,  water  was  used  to  cool  the  combustion  flame  by  use 
of  a  heat  exchanger,  after  which  the  water  was  injected  into  the  combustion  chamber 
and  made  into  steam  in  order  to  keep  the  temperature  of  the  gases  acting  on  the  turbine 
wheel  to  about  1030°F. 

From  here  further  developments  slowly  took  place  until  the  outbreak  of 
the  Second  World  War  which  gave  impetus  to  rapid  developments  in  both  materials 
used  and  component  efficiencies,  particularly  in  the  jet  propulsion  field,  from  which 
the  gas  turbine  benefited  immensely. 

It  is  interesting  to  note  though,  how  the  outlook  on  steam  injection  has 
varied.  Initially  steam  was  injected  to  keep  the  bucket  or  blade  temperature  to 
values  dictated  by  the  blade  material  strength  under  the  adverse  stress  conditions  as 
mentioned  by  Stadola^  and  Marks*'*.  Even  though  Marks*"*  does  work  out  theoretical 
examples  of  steam  injection,  one  with  it  doing  useful  work,  another  without,  for 
some  reason  the  compressor  and  turbine  efficiencies  were  changed  from  one  example 
to  another,  as  well  as  the  amount  of  steam  per  pound  of  gas  flow  injected  and  the 
temperatures  obtained  in  the  cycle,  thus  no  theoretical  conclusion  can  be  drawn. 

Coutant^  states  that  tests  were  done  with  steam  injection  as  far  back 
as  1920,  but  the  results  obtained  from  such  tests  perhaps  may  have  been  inconclusive 
as  no  other  sources  are  mentioned  by  Coutant,  and  none  could  be  found. 
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The  idea  of  steam  injection  remained  dormant  until  1945,  when  Sawyer 
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makes  some  "suggestions  from  the  past".  In  summary,  he  says,  "None  of  the  foregoing 
suggestions,  except  that  shown  in  figure  8  (the  patent  by  W.  F.  Fernihough  mentioned 
on  page  1 )  has  merit  today.  " 

The  only  difference  between  the  patent  by  Fernihough  and  the  thinking 
today  is  that  the  steam  should  be  produced  in  a  waste  heat  boile^  instead  of  injecting 
the  water  to  produce  steam  directly  into  the  combustion  chamber. 

Interest  has  again  risen  in  recent  years  as  evidenced  by  the  number  of 
papers  written  on  this  subject,  although  no  experimental  work  could  be  found.  All  of 
these  papers^7  ^7  ^7  ^  7  ^  do  agree  unanimously  in  that  steam  produced  from  a 
waste  heat  boiler  and  injected  into  the  combustion  chamber  of  a  gas  turbine  should 
improve  the  turbine's  thermal  efficiency,  the  proof  of  which  is  the  purpose  of  this 
experimental  work. 


1  .2  Basic  Types  of  Gas  Turbine  Cycles 

The  simple  gas  turbine  or  Brayton  cycle  operates  on  a  continuous  flow 
cycle.  Air  is  compressed  and  fed  into  a  combustion  chamber  where  fuel  is  added  and 
the  mixture  burned.  The  hot  gases  then  accelerate  in  a  nozzle  ring  which  directs  them 
onto  a  turbine  wheel.  The  turbine  wheel  and  the  compressor  (usually  of  a  centrifugal 
or  an  axial  flow  type)  are  connected  on  a  shaft.  If  the  work  of  the  turbine  wheel 
exceeds  that  of  the  compressor,  additional  work  can  be  produced  by  the  machine.  A 
flow  diagram  and  a  T-s  diagram  for  a  simple  cycle  are  shown  in  figure  1-1  . 

The  T-s  diagram  shows  that  due  to  less  than  100%  adiabatic  efficiency 
of  the  components  the  temperature  increases  at  the  compressor  outlet  over  the  ideal 
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FIGURE  1-1  SIMPLE  OPEN  CYCLE  FIGURE  1-2  REGENERATIVE  CYCLE 
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temperature  rise,  and  similarly  for  the  turbine,  while  a  pressure  drop  exists  through 
the  combustion  chamber.  It  is  also  evident  that  a  great  loss  of  heat  from  the  cycle 
occurs  when  exhausting  the  hot  gases  to  the  atmosphere  at  T^.  To  recover  some  of 
this  energy  variations  of  the  simple  open  cycle  have  been  developed. 

The  most  obvious  step  is  to  use  the  hot  exhaust  gases  to  heat  the  compressed 
air  before  the  combustion  chamber,  cutting  down  on  the  amount  of  fuel  added  to  the 
cycle.  Figure  1-2  shows  a  flow  diagram  and  a  T-s  diagram  of  this  cycle.  By  compar¬ 
ing  the  T-s  diagram  of  figure  1-1  with  that  of  figure  1-2,  it  is  immediately  evident 
that  much  less  heat  is  lost  to  the  atmosphere.  By  making  more  use  of  the  heat  avail¬ 
able  in  the  cycle,  the  overall  thermal  efficiency  is  consequently  increased. 

Another  cycle  variation  is  that  of  heating  the  hot  exhaust  gases  at  T^ 

in  figure  1-1  back  to  a  temperature  equal  to  that  of  T^  and  expanding  them  in 

another  turbine.  Naturally  the  pressure  drop  across  each  turbine  must  be  less  than 

that  from  P^  to  ,  and  the  total  pressure  drop  across  the  two  turbines  cannot  exceed 

that  of  P  to  atmospheric  pressure.  Figure  1-3  shows  a  flow  diagram  and  a  T-s  diagram 
o 

of  this  cycle. 


The  thermal  efficiency  of  this  cycle  is  actually  less  than  that  of  a 
simple  open  cycle  becuase  there  are  two  less-than-1 00%-efficient  adiabatic  expan¬ 
sions  and  additional  pressure  losses.  But  the  mass  of  air/HP-HR  required  by  the  cycle 
is  reduced  greatly,  thus  reducing  the  size  of  the  compressor. 

It  is  also  natural  that  the  regenerate  cycle  be  combined  with  the  reheat 
cycle  which  increases  the  thermal  efficiency  above  that  of  the  simple  regenerate 
cycle,  besides  reducing  the  mass  of  air/HP-HR  required.  Also,  the  use  of  multiple 
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FIGURE  1-3  REHEAT  CYCLE 


FIGURE  1-4  COMPARISON  OF  VARIOUS 

CYCLE  SCHEMES 

(85%  TUR8INE  EFFICIENCY,  84%  COMPRESSOR  EFFICIENCY, 
70 °F  AMBIENT,  5%  REGENERATOR  PRESSURE  DROP) 


stages  of  compression  with  intercooling  can  be  used  to  reduce  the  HP  required  to 
drive  the  compressors,  thus  improving  the  overall  thermal  efficiency. 

In  addition  to  the  above  discussed  cycles,  there  are  multiple  shaft  units, 
closed-cycles  and  semiclosed-cycles,  but  these  more  involved  cycles  will  not  be 
included  in  this  discussion . 

Figure  1-4  shows  a  graph  of  overall  thermal  efficiency  plotted  against 
turbine  inlet  temperature  for  the  various  cycles  discussed  above.  This  graph  is 
reproduced  from  page  427  of  reference  13. 

1  .3  Theory  of  the  Steam  Injection  Cycle 

It  is  evident  from  the  previous  section  that  to  improve  the  thermal 
efficiency  of  a  gas  turbine  cycle,  more  effective  use  has  to  be  made  of  the  heat 
available  or  there  must  be  a  reduction  of  the  horsepower  required  to  compress  the  air 
used  in  the  cycle,  either  by  improving  the  compressor  adiabatic  efficiency  or  reduc¬ 
ing  the  mass  of  air  compressed.  Steam  injection  can  do  both  if  the  steam  is  produced 
in  a  waste  heat  boiler. 

Consider  the  general  energy  equation  for  a  flow  process  through  a  com¬ 
pressor.  The  equation  is  written  as: 

PE1  +  KE1  +FE]  +  IE1  +  Q  =  PE2  +  KE2  +  FE2  +  IE2  +  W  1.1 

Neglecting  changes  in  PE,  KE  and  any  heat  loss,  the  equation  reduces 
to: 

FEj  +  IEj  =FE2+  IE2  + W  1.2 

or  by  definition  of  FE  and  IE  assuming  perfect  gases 
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p^i  +  =  p2V2  +  U2  +  W  1.3 

or  W  =  aU  +ApV  =  A(U  +  pV)  1.4 

but  by  definition,  A(U  +  pV)  =  Ah, 

therefore  W  =Ah  1,5 

and  for  a  given  mass  rate  of  flow  rti, 

W  =  mAh  BTU's/Time  1 .6 

which  for  perfect  gases  becomes 

W  =  rlnCpAT  1.7 


The  same  result  is  obviously  true  for  gases  expanding  in  a  turbine. 

Now  for  several  nonreactive  gases  flowing  through  the  same  system 
simultaneously,  enthalpy  being  an  extensive  property,  is  cumulative,  or,  for  a  mixture 
n  components, 


htotarhl  +h2+  "•  hn 


or 


Ah  -  =  Ah,  +  Ah  ^  +  ...  +  Ah 
total  I  2  n 


and  since  mass  is  cumulative, 


1.8 

1.9 


rti  Ah  ,  =  rii.Ah.  +  rti  ^.Ah.  +  rii  Ah0  +  . . . 
total  total  11  2  2  T  3 


1.10 


or  by  equation  1  .6, 


W  =  m  Ah.  +  m_Ah0  +  m.Ah  +  . . . 
total  11  2  2  3  3 


1.11 


Therefore  in  this  particular  case  of  air  being  compressed  and  an  air-superheated  steam 
mixture  being  expanded  in  a  turbine, 

1.12 

1.13 


W 

comp 

and 

W  ,  = 

turb 

or 

W  ,  = 

turb 

=  rti  .Ah  . 
air  air 


,  =  rh  A  h  .  +  rti  Ah 
turb  air  air  st  st 


air 


air  st 


st 


1.14 


■ 
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for  perfect  gases. 

Figures  1-5  and  1-6  show  plots  of  pressure  against  volume  at  constant 
temperature  and  pressure  against  temperature  at  constant  volume  for  air  and  super¬ 
heated  steam.  It  is  evident  that  both  air  and  superheated  steam  behave  approximately 
as  perfect  gases  thus  showing  justification  for  equation  1.14. 

It  is  evident  then,that  adding  steam  to  the  cycle  will  increase  the  out¬ 
put  of  the  turbine  providing  choking  conditions  do  not  exist  in  the  nozzle  ring.  If 
choking  does  occur,  the  obvious  solution  is  to  lower  the  air  mass  flow  reducing 
the  compression  horsepower.  In  either  case,  more  power  is  available  to  do  useful 
work. 

The  reason  for  the  use  of  a  waste  heat  boiler  is  to  recover  some  of  the 
energy  from  the  hot  exhaust  gases  which  would  otherwise  be  lost  in  exhausting  to  the 
atmosphere.  The  energy  recovered  by  the  boiler  is  available  to  the  cycle  by  injecting 
the  steam  produced  into  the  cycle  after  the  compressor.  This  energy  however  is  not 
obtained  without  slight  charge  to  the  cycle  because  a  waste  heat  boiler  increases  the 
back  pressure  acting  on  the  turbine,  thereby  reducing  the  turbine's  pressure  ratio  and 
power  output/mass  flow.  While  more  fuel  has  to  be  added  to  maintain  the  temperature 
at  the  inlet  to  the  nozzle  ring  because  the  Cp  of  superheated  steam  is  over  twice  that 
of  air,  equation  1.14  indicates  more  work  should  be  obtained  from  the  greater  mass 
flow  and  higher  Cp  of  superheated  steam.  But  these  restrictions  caused  by  the  steam 
injection  are  much  less  than  if  the  increased  mass  flow  were  made  up  from  an  auxiliary 
air  compressor  driven  by  the  turbine. 


. 

. 


PRESSURE  p.s.i.  a.  PRESSURE 


FIGURE  1-5  PRESSURE  versus  SPECIFIC  VOLUME 

AT  CONSTANT  TEMPERATURE 


400  500  600  700 

TEMPERATURE  °R 


FIGURE  1  -  6  PRESSURE  versus  TEMPERATURE  AT 

CONSTANT  SPECIFIC  VOLUME 
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A  flow  diagram  of  a  simple  open  gas  turbine  with  a  waste  heat  boiler 
and  steam  injection  is  shown  in  figure  1-7. 

1  .4  Comparison  of  Gas  Turbines  with  Steam  Injection  with  the  Basic  Types 

The  following  comparison  was  done  by  Schroder^  ^  who  compared  various 
cycles  with  and  without  steam  injection  for  the  same  cycle  conditions  with  varying 
pressure  ratio.  The  cycles  considered  were: 

1)  Simple  open 

2)  simple  open-reheat 

3)  simple  regenerate 

4)  simple  regenerate  reheat 

5)  simple  open-steam  injection 

6)  simple  open-reheat-steam  injection 

7)  simple  regenerate-steam  injection 

8)  simple  regenerate-reheat-steam  injection. 

For. these  cycles,  the  following  conditions  and  component  efficiencies 
were  stipulated: 

1)  Inlet  conditions  -  1  atmos.,  15°C.  (59°F.) 

2)  Compressor  adiabatic  efficiency  89% 

3)  Turbine  adiabatic  efficiency  87% 

4)  Pressure  drop  in  compressor  intake  2.5% 

Pressure  drop  in  combustion  chcmber  1  3% 


in  combustion  chamber  2* 


3% 


' 


FIGURE  1  -  7  SIMPLE  OPEN  CYCLE  WITH 

A  WASTE  HEAT  BOILER 


WATER 


FIGURE  1-8  A  THEORETICAL  CYCLE 

BY  SCHRODER 
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in  waste  heat  boiler  including  the 

diffusers  behind  the  turbine  6% 

(also  gas  side  of  the  combination  air  heat 

exchanger  and  waste  heat  boiler)*  3% 

*  if  there  is  one 

5)  Cooling  air  bled  off  from  the  compressor  2% 

6)  Loss  of  combustion  efficiency  2% 

7)  Lower  heat  value  of  fuel  10,200  kCal/Kg  (18,350  BTU/lbm) 

8)  Loss  of  mechanical  efficiency  between  the  turbine  and  the 

compressor  1  % 

In  all  the  above  cases  the  maximum  temperature  at  the  turbine  inlet  was 
777° C.  (1430°F.),  For  the  cycles  with  waste  heat  boilers,  it  was  assumed  that  the 
steam  temperature  leaving  the  boiler  is  100°C.  (212°F.)  less  than  the  entering  exhaust 
gases,  and  that  the  feed  water  entered  the  boiler  at  50°C.  (106°F.)  below  its  boiling 
temperature  for  the  given  pressure.  Figure  1-8  shows  how  this  equipment  was  theoret¬ 
ically  set  up. 

The  resultant  graphs  from  this  accurate  theoretical  study  are  seen  in 
figures  1-9,  1-10,  1-11,  1-12  and  1-13.  These  graphs  show  that  for  each  particular 
case  of  steam  injection  versus  basic  cycle  the  thermal  efficiency  is  increased, 
the  specific  fuel  consumption  is  decreased,  and  the  amount  (mass)  of  air/HP-HR  is 
reduced . 

.11 

The  increase  in  thermal  efficiency  obtained  by  Schroder  is  supported 

12 

closely  by  Chcmbadal  .  In  his  paper,  Chambadal  produced  the  graph  in  figure 
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1-14  for  a  simple  regenerate  cycle  with  steam  injection.  The  assumptions  made  for 
the  turbine  were: 

1)  Air  intake  at  1  atmosphere  and  15°C,  (59°F.) 

2)  Compressor  adiabatic  efficiency  85% 

3)  Turbine  adiabatic  efficiency  85% 

4)  Lower  heating  value  of  fuel  10,000  kCal/Kg  (18,000  BTU/lbm) 

5)  Assumptions  as  to  losses  in  pressure  in  the  components  were  not  stated. 
A  check  of  two  operating  points  was  made,  one  at  a  pressure  ratio  of  5 

and  the  other  at  a  pressure  ratio  of  8.  The  results  are  shown  in  table  1-1  . 

TABLE  1-1 


COMPARISON  OF  THEORETICAL  RESULTS 
BY  SCHRODER  AND  CHAMBADAL 


PRESS. 

RATIO 

AUTHOR 

Ibm  STEAM 
Ibm  AIR 

%  INCREASE  IN 
rjt  AT  777  °C 

5 

SCHRODER 

0.06 

13.8 

5 

CHAMBADAL 

0.06 

10 

8 

SCHRODER 

0.08 

22.5 

8 

CHAMBADAL 

0.08 

20 

It  is  evident  that  both  Schr<5der  and  Chambadal  agree  in  principle, 
Chcmbadal's  results  being  a  little  lower  due  to  the  lower  adiabatic  efficiencies  assumed 
for  the  compressor  and  the  turbine  (c.f.  85%  versus  89%  and  87%).  Other  points  at 
the  same  pressure  ratio  could  not  be  compared  because  Schroder  chose  only  one  mass 
of  steam/mass  of  air  ratio  for  each  pressure  ratio  as  seen  in  figure  1-13. 
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FIGURE  1-14  RELATIVE  INCREASES  IN 
THERMAL  EFFICIENCY  FOR  SIMPLE 
REGENERATIVE  CYCLE  WITH  STEAM 
INJECTION 
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The  foregoing  theoretical  results  supported  by  other  authors^'  ^ 


indicate  that  experimental  investigation  of  the  effect  of  steam  injection  on  a  gas 


turbine  cycle  should  be  carried  out. 


do 


CHAPTER  2 


APPARATUS 

A  complete  history  of  the  development  of  the  gas  turbine  used  in  these 
experiments  is  given  in  appendix  A.  But  for  convenience  sake,  a  brief  description 
of  the  apparatus  and  instrumentation  will  be  presented  here, 

2.1  Basic  Thermal  Efficiency  Test  Runs 

The  gas  turbine  consists  of  a  Brown  Boveri  Exhaust  Turbo  Charger  Type 
320  fitted  with  two  combustion  chambers  complete  with  fuel  nozzles  and  ignitors  from 
a  Derwent  H  aircraft  jet  engine.  The  general  arrangement  of  this  equipment  can  be 
seen  in  figures  2-1,  2-2,  2-3  and  2-4.  It  is  to  be  seen  that  the  combustion  chambers 
were  connected  to  the  supply  of  compressed  air  by  standard  8"  pipe.  The  supply  of 
compressed  air  was  split  at  the  upper  chamber  as  shown  in  figure  2-2.  The  combustion 
chambers  were  joined  by  a  flame  jump  tube,  as  shown  in  figures  2-4  and  2-7,  while 
being  held  snugly  against  a  3/8"  steel  adaptor  plate  bolted  to  the  turbine  inlet  casing 
by  steel  rods,  as  seen  in  figures  2-4  and  2-7. 

The  Turbo  Charger  itself  was  supported  on  a  fabricated  steel  base,  while 
all  other  equipment  was  bolted  directly  to  the  turbo  charger's  housing  except  for  a 
support  stand  under  the  heavy  8"  steel  pipe  and  support  stands  under  the  air  intake 
measuring  system  to  insure  the  straightness  of  the  duct. 

A  portion  of  the  exhaust  duct  (16  gauge  sheet  steel)  can  be  seen  in  figure 
2-3.  An  inspection  hole  was  cut  into  the  right  hand  side  of  the  duct  so  that  the  position 


FIGURE  2-1  GENERAL  VIEW  OF  TEST  EQUIPMENT 


FIGURE  2-2  GENERAL  VIEW  OF  TEST  EQUIPMENT 


FIGURE  2-3  EXHAUST  DUCT 


FIGURE  2-4  COMBUSTION  CHAMBERS 
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of  the  thermocouples  after  the  turbine  wheel  could  be  checked. 

Positive  cooling  of  the  hot  casing  of  the  turbo  charger  was  provided  by 
running  city  tap  water  through  it. 

To  start  the  turbine  a  Derwent  XT  starter  motor  was  fitted  on  the  left  hand 
end  of  the  machine,  as  seen  in  figure  2-1  .  The  starter  motor  was  powered  by  a  12  volt 
storage  battery  and  a  60  H.P.  D.C.  dynamometer  driven  by  a  3-cylinder,  2  stroke 
G.M.C.  diesel  engine,  which  were  used  to  run  the  turbine  up  to  its  self-sustaining 
speed  of  about  8000  R.P.M. 

The  spark  for  the  ignitors  was  provided  by  a  model  "T"  vibrating  type 
induction  coi  I . 

The  fuel,  commercial  kerosene  with  1  per  cent  S.A.E.  20  oil  added  for 
pump  lubrication,  was  pumped  to  the  fuel  nozzles  by  a  seven-piston  piston  pump  driven 
by  a  1/4  H.P. ,  3  phase,  220  volt  gear-in-head  motor  running  at  220  R.P.M.  A 
general  view  of  the  pump  and  motor,  the  fuel  barrel  and  weighing  scale  is  shown  in 
figure  2-5.  This  system  worked  on  a  by-pass  control,  that  is  the  fuel  not  used  by  the 
turbine  was  diverted  back  to  the  fuel  barrel  through  a  control  valve.  Additional  control 
for  each  chamber  was  provided  by  use  of  throttling  valves  on  the  fuel  lines  to  the 
chambers  as  seen  in  the  upper  right  hand  corner  of  figure  2-5. 

2.1.1  '  Instrumentation  for  Basic  Test  Runs 

In  order  to  determine  the  thermal  efficiency  and  check  the  operation  of 
the  turbine  certain  specific  information  was  required.  This  included  various  tempet  atures 
and  pressures,  the  amount  of  work  produced  and  the  amount  of  fuel  added  for  a  given 
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FIGURE  2-6  '  D.  C.  GENERATOR  FOR  R.PM. 

RECORDING 


FIGURE  2-5  FUEL  SUPPLY  SYSTEM 
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time,  plus  the  amount  of  air  used  per  unit  of  time  and  the  rotation  speed  of  the  turbine. 

For  temperature  measurements,  iron-constantan  thermocouples  were  used 
for  lower  temperatures,  while  chromel-alumel  thermocouples  set  inside  a  stainless  steel 
casing  were  used  for  higher  temperatures,  all  connected  to  a  two  range,  40  position, 
automatic  balancing  Honeywell  potentiometer  reading  in  °F.  The  iron-constantan 
thermocouples  were  placed  at  the  compressor  inlet,  the  compressor  outlet,  just  before 
the  top  and  bottom  combustion  chambers  and  between  the  inner  "can"  and  the  outer 
liner  of  the  lower  combustion  chamber.  The  chromel-alumel  thermocouples  were  placed 
before  the  nozzle  ring  on  the  top  and  bottom  chambers  and  just  after  the  turbine  wheel, 
top  and  bottom.  The  location  of  the  chromel-alumel  thermocouples  can  be  seen  at  the 
narrow  end  of  the  combustion  chambers  as  in  figures  2-4,  2-6  and  2-7.  The  vertical 
tube,  seen  in  figures  2-4  and  2-6,  was  a  static  pressure  tap  to  check  the  pressure  drop 
across  the  lower  combustion  chamber. 

Also  seen  in  figure  2-7  was  the  method  of  connection  of  the  dissimilar 
metal  thermocouples  to  fine  strand  copper  wire  which  runs  to  the  potentiometer.  That 
is,  crimped  electrical  connections  were  used  and  joined  by  a  bolt  and  nut  to  facilitate 
easy  removal . 

The  pressure  tappings  consisted  of  a  total-head  tube  at  the  compressor 
outlet  connected  to  a  U-tube  manometer  filled  with  mercury,  static  tappings  before 
and  after  the  lower  combustion  chcmber  to  check  the  pressure  drop  through  the  chamber 
(figure  2-4)  and  a  static  pressure  tapping  on  the  exhaust  duct  (lower  left  of  duct  in 
figure  2-3)  connected  to  a  water  f  i  I  led  U-tube  manometer ,  A  diagram  of  all  trie  temp¬ 
erature  and  pressure  tappings  is  shown  in  figure  2-9. 


' 


■ 


FIGURE  2-7  FLAME  JUMP  TUBE  AND  SECONDARY  AIR 

TEMPERATURE  THERMOCOUPLE 
LOCATION 


FIGURE  2-8  AIR-BLEED-OFF  ORIFICE  PLATE 

AND  CONTROL  VALVE 


AIR  BLEED 
OFF 

GLOBE  VALUE  — - (Sh  _ ORIFICE  PLATE 
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FIGURE  2  -  9  LOCATION  OF  TEMPERATURE  AND 

PRESSURE  TAPPINGS 
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In  order  to  measure  the  actual  work  produced  by  the  turbine,  since  no 
high  speed  dynamometer  was  available,  air  was  bled  off  from  the  compressor  through 
an  orifice  plate.  The  bleed-off  itself  can  be  seen  in  figures  2-2  and  2-8.  Figure  2-2 
shows  the  location  of  a  4"  pipe  welded  into  the  8"  elbow  at  the  compressor  outlet  and 
the  pipe  reduction  to  a  standard  2"  pipe.  The  iron-constantan  thermocouple  location 
for  measuring  air  temperature  is  also  to  be  seen  in  this  figure  2-2.  Figure  2-8  shows 
the  orifice  plate  further  down  the  2,!  pipe  complete  with  the  "radius"  pressure  taps  and 
globe  control  valve.  Two  U-tube  manometers  were  hung  on  the  other  side  of  the  verti¬ 
cal  board  near  the  orifice  plate  to  measure  the  static  pressure  at  the  orifice  plate  and 
the  static  "radius"  pressure  drop  across  the  orifice  plate.  These  manometers  can  also 
be  seen  in  figure  2-1  . 

To  measure  the  weight  of  fuel  used,  the  fuel  barrel  was  set  on  a  scale 
(figure  2-5).  By  fixing  a  commercial  1 10  volt  micro-switch  under  the  beam  of  the 
scale  as  shown  in  figure  2-10,  it  was  possible  to  activate  a  fuel  timing  system.  This 
system  automatically  started  the  clock,  shown  on  the  right  of  figure  2-11,  mounted  on 
the  C.F.R.  Engine  control  panel,  when  the  micro-switch  was  closed.  This  also  held 
a  solenoid  switch  which  keeps  the  clock  running.  By  raising  the  balance  arm  on  the 
scale  and  sliding  the  poise  towards  the  micro-switch  for  a  certain  poundage,  and 
reversing  the  solenoid  action,  the  clock  would  remain  in  operation  until  the  balance 
arm  closed  the  switch  again,  thus  the  time  for  a  given  weight  of  fuel  could  easily  be 
recorded . 

Air  flow  into  the  compressor  was  measured  by  using  a  10  metal  duct  with 
a  pitot-tube  traversing  station  mounted  as  seen  in  figure  2-1  .  The  duct  was  originally 
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FIGURE  2-10  MICRO-SWITCH  LOCATION  FOR 

TRIPPING  TIME  CLOCK 


FIGURE  2-11  FUEL  TIMING  CLOCK 
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calibrated  for  average  square  root  of  the  velocity  head  versus  the  velocity  pressure  at 
the  centre  line  so  only  the  centre  line  reading  was  necessary  during  the  actual  tests. 

The  calibration  curve  is  shown  in  figure  2-12. 

The  turbine's  speed  was  measured  by  a  small  D.C.  generator,  running 
through  a  5  to  1  reduction,  mounted  on  the  end  of  the  turbine  as  shown  in  figure  2-6. 
The  voltage  change  with  speed  was  measured  by  a  large  voltmeter  reading  directly  in 
R.P.M.  as  seen  in  front  of  the  Honeywell  potentiometer  in  figure  2-13. 

Figure  2-13  is  a  general  view  of  the  control  panel.  It  consisted  of  the 
pump  on-off  switch  (lower  left),  total  fuel  pressure  (large  gauge  0-200  p.s.i.),  fuel 
by-pass  valve  (to  the  right  of  the  large  pressure  gauge),  fuel  throttling  valves  for  each 
chamber  (above  and  right  of  the  large  pressure  gauge),  the  tachometer,  the  temperature 
indicator,  an  inclined  manometer  for  air  flow  pitot-tube  (on  top  of  the  potentiometer), 
starter  motor  control  switches  (on  the  right  hand  end  of  the  table),  and  the  ignitor 
spark  push  button  switch.  Most  of  these  items  can  also  be  seen  in  figure  2-1  . 

2.2  Steam  Injection  Test  Runs 

For  the  steam  injection  runs,  the  only  changes  made  were  to  add  the 
necessary  equipment  for  controlling  the  steam  flow,  superheating  the  steam,  and 
measuring  the  steam  flow.  The  supply  of  steam  was  obtained  by  adding  an  extension 
to  a  high  pressure  (185  p.s.i.g.)  steam  main  and  running  it  into  the  room.  A  1  "  globe 
valve  (on  the  left  of  figure  2-14)  was  put  on  the  end  of  this  line  to  throttle  the  steam 
down  to  a  few  inches  of  mercury  above  the  turbine  pressure.  From  here  1  pipe  was 
run  into  the  superheater  set  into  the  exhaust  duct  of  the  turbine  as  seen  in  figuies  2-14 
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VELOCITY  HEAD  AT  CENTRE  LINE 
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FIGURE  2-12  CALIBRATION  CURVE  FOR 

10"  AIR  FLOW  DUCT 
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FIGURE  2-13  GENERAL  VIEW  OF 

TURBINE  CONTROLS 


FIGURE  2-14  STEAM  PIPE  TO  SUPERHEATER 
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FIGURE  2-15  LOCATION  OF  SUPERHEATER  IN 

EXHAUST  DUCT 


STEAM  FLOW 


FIGURE  2-17 


ORIFICE  PLATE  AND  2" 
LOWER  COMBUSTION 


PIPE  INTO 
CHAMBER 
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and  2-15,  after  which  the  steam  ran  into  the  "T"  connection  seen  in  figure  2-16. 

This  "T"  formed  a  by-pass  system  in  that  during  warm  up  all  the  steam 
could  be  run  to  drain.  Normally  the  steam  ran  through  the  standard  2"  pipe,  which 
had  an  orifice  plate  placed  in  it,  into  the  lower  combustion  chamber,  as  seen  in 
figure  2-17. 

2.2.1  Instrumentation  for  Steam  Injection  Runs 

The  instrumentation  remained  the  same  as  described  in  section  2.1.1, 
only  the  necessary  instruments  were  added  to  measure  the  steam  flow  through  the  orifice 
plate.  That  is,  an  iron-constantan  thermocouple  was  used  to  measure  the  steam  tempera¬ 
ture,  while  the  static  pressure  at  and  the  "radius"  pressure  drop  across  the  orifice  plate 
were  measured  by  the  mercury  filled  U-tube  manometers  seen  in  figure  2-17. 

2.3  Design  of  Orifice  Plates  and  Superheater 

* 

2.3. 1  Orifice  Plates 

Using  the  formu  las  provided  and  the  method  out  I  in  ed  in  the  A .  S .  M .  E. 

Flow  Measurements  (1940)  Part  5,  Power  Test  Codes,  the  following  two  orifice  plate 
designs,  figures  2-18  and  2-19,  one  for  the  air  bleed-off  from  the  compressor  and  one 

for  the  steam  injection  pipe,  were  derived. 

The  assumptions  made  for  the  air  bleed-off  were  a  minimum  mass  flow  of 

0.1  Ibm.  per  sec.  at  a  temperature  of  180°F .  and  a  pressure  of  19.6  p.s.i.a.  and  for 
the  steam  injection,  a  minimum  mass  flow  of  0.1  Ibm.  per  sec.  at  a  temperature  of 
225°F .  and  at  a  pressure  of  20  p.s.i.a. 


. 
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FIGURE  2  -  18  AIR  BLEED  OFF  ORIFICE  PLATE 
FIGURE  2-19  STEAM  INJECTION  ORIFICE  PLATE 
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2.3.2  Superheater 

The  superheater  was  designed  to  be  of  a  simple,  one-pass  type  providing 
superheat  to  the  steam  eliminating  the  possibility  of  water  being  injected  into  the 
turbine.  By  assuming  minimum  and  maximum  steam  flows  of  0.1  Ibm./sec.  and  0.8  Ibm./ 
sec,  respectively  at  20  p.s.i.a.  and  225°F.  entering  the  superheater  and  an  exhaust 
gas  temperature  of  800°F.  at  13.5  p.s.i.a.  (atmospheric  pressure)  for  a  steady  flow 
of  exhaust  gases  of  2.5  Ibm./sec.,  and  using  formulas  VI 1 1-3  and  VII 1-4  on  pages  140 
and  141  of  reference  14,  it  was  possible  to  calculate  an  estimate  of  the  h(B.T.U./HR 
Ft^°F.)  values  for  the  inside  of  standard  1"  pipe  at  minimum  and  maximum  steam  flow 
conditions  and  for  the  outside  at  a  film  temperature  of  500°F.  This  allowed  the  calcula¬ 
tion  of  the  required  area  (or  length  of  1"  pipe)  necessary  to  insure  the  superheated 
condition,  A  drawing  of  the  resulting  superheater  showing  its  position  in  the  exhaust 
duct  is  seen  in  figure  2-20. 


f 
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ALL  PIPE  STD.  1“  AND  THREADED  90°  ELBOWS 


FIGURE  2  -  20 


EXHAUST  DUCT  SUPERHEATER 


CHAPTER  3 


EXPERIMENTAL  PROCEDURE 

All  tests  were  carried  out  at  a  pressure  ratio  of  approximately  1 .5  to  1 
(about  15,000  R.P.M.)  and  at  maximum  cycle  temperatures  (inlet  to  the  nozzle  ring) 
as  close  to  1200°F.  as  was  possible.  The  fuel  used  was  commercial  kerosene  with  1% 
S.A.E.  20  oil  added  for  pump  lubrication. 

3.1  Basic  Thermal  Efficiency  Test  Runs 

Before  each  test  began,  a  turbine  check  list  (figure  3-1)  was  used  to 
insure  proper  start  up  and  running  of  the  test.  Also,  information  required,  as  seen  on 
the  top  of  a  data  sheet,  figure  3-2,  was  recorded  at  this  time. 

The  turbine  was  then  rotated  by  the  starter  motor.  Running  on  low  voltage 
the  turbine  would  reach  2000  R.P.M.,  at  which  point  the  fuel  pump  was  started  and  the 
combustion  chambers  ignited.  High  voltage  was  then  quickly  applied  to  the  starter 
motor  accelerating  the  turbine  to  5000  R.P.M.  Keeping  the  combustion  chamber  outlet 
temperatures  near  1200°F.,  the  turbine  would  slowly  accelerate  to  its  self-sustaining 
speed  of  8000  R.P.M.  The  starter  motor's  electrical  circuit  was  then  broken  and  the 

motor  disengaged  from  the  turbine. 

The  turbine  was  accelerated  to  14000  R.P.M.  by  keeping  the  combustion 
chanber  outlet  temperatures  near  1200°F.  (reading  positions  37  and  28  on  the  potentio¬ 
meter),  then  reducing  them  to  1050°F.  to  maintain  a  steady  speed  of  14000  R.P.M. 

With  the  turbine  running  at  this  speed,  all  the  temperatures,  pressures  and  the  air  flow 
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Gas  Turbine  Check  List 
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Open  main  steam  valve 
Diesel  fuel 
Kerosene 

Inspection  hole  closed 

Duct  block  removed 

Steam  valve  to  turbine  closed 

Steam  drain  valve  open 

Crank  valve  to  superheater 

Balances  are  up 

Micro-switch  clear 

C.F ,R.  clock  on 

Auto  power  on 

Start  switch  on 

Micro-switch  plug  in 

Fuel  drain  closed 

Air  bleed  valve  closed 

Pump  valve  open 

L.  H .  valve  open 

R.H.  valve  open  1  turn 


Starter  switches  open 
Starter  engaged 
Starter  hold  clamp 
Pump  power  on 
Potentiometer  on 
Ignition  and  plugs 
Ventilation  fan  on 
Cooling  water  on 
Cables  plugged  together 
Diesel  exhaust  fan 
Diesel  started 
Field,  oil 

Diesel  at  800  R.P.M. 
Dyno  excitation  on 
Water  can  under  turbine 


FIGURE  3-1  GAS  TURBINE  CHECK  LIST 


■ 
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GAS  TURBINE  TEST  DATA 


DA  TE  _  BA  ROME  T£  R _ m.ot  u9. 

ROOM  TEMR  START. _ V  OB  SEE  VERS  _ 

F//V/SH _ °F  _ 

FUEL  WT.  USED _ LBS.  SPrpd  approx.  _ _  R.PM. 

TJM/B _ R///VS. 

T/ME  start  TEST  equipment  _  AIR  FLOW _ _  //>.*/  U?o 

T /ME  START  TURB/A/E  — .  TOTAL  FUEL  FEE  _ PS>/G. 


TIME  STOP  TuRtS/JVE  _ _  LOWER  O.C.  FUEL  -RESS. _ ps/Q. 
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readings  were  quickly  checked.  The  speed  was  then  increased  to  produce  a  compressor 
pressure  ratio  of  1 .5  to  1 . 

When  at  this  condition,  the  air-bleed-off  valve  was  slowly  opened  until 
the  combustion  chamber  outlet  temperatures  had  to  be  increased  to  near  1200°F.  to 
maintain  a  steady  running  speed.  After  allowing  several  minutes  for  the  turbine  to 
stabilize  itself  at  this  speed  and  temperature  (compressor  inlet  and  outlet  remain  constant), 
the  test  proper  began. 

First,  the  balance  arm  on  the  fuel  weighing  scale  was  set  to  trip  the 
micro-switch  starting  the  clock.  Then,  once  the  clock  had  started  and  the  fuel  weight 
set,  the  clock  stop  circuit  was  set  and  data  recorded. 

The  data  recorded  were: 


Potentiometer 

Position 

Temperature 

Manometer 

No. 

Pressure 

1 

Compressor  inlet 

1 

Total  at  compressor 
outlet 

2 

Compressor  outlet 

2 

Static  drop  across  lower 
combustion  chamber 

3 

Before  top  combustion  chamber 

3 

Static  exhaust 

4 

Before  lower  combustion 
chamber 

4 

Static  at  air  bleed  off 
orfice  plate 

5 

Air  bleed  off 

5 

"Radius"  differential 
across  air  bleed 
off  orfice  plate 

6 

Secondary  air 

37 

Before  nozzle  ring  top 

38 

Before  nozzle  ring  bottom 
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39  After  turbine  wheel  top 

40  After  turbine  wheeljDottom 

in  addition  to  the  above,  the  turbine  speed  and  the  air  flow  reading  at  the  compressor 
inlet  (usually  surging  up  and  down  slowly)  were  noted.  All  of  these  readings  were 
taken  several  times  during  a  test  until  the  fuel  clock  stopped.  The  time  shown  by  the 
clock  was  then  recorded. 

The  stopping  procedure  for  the  turbine  was  first  to  close  the  air  bleed-off 
valve  and  then  to  reduce  the  fuel  supply  slowing  the  turbine  to  10,000  R.P.M.  to  allow 
it  to  cool  under  reduced  temperatures.  After  a  few  minutes  the  fuel  pump  was  shut  off, 
stopping  the  turbine. 

After  the  turbine  had  stopped,  the  auxiliary  equipment  was  shut  off  and 
the  fuel  drain  valve  opened.  After  the  water  jacket  temperature  reduced  to  80°F .  or 
less,  the  cooling  water  flow  was  stopped. 

3.2  Initial  Inspection 

Before  the  steam  injection  runs  were  begun,  the  turbine  was  partially 
dismantled  exposing  the  inside  of  the  combustion  chambers,  the  nozzle  ring,  and  the 
turbine  blades.  This  was  done  to  check  the  general  condition  of  the  turbine  as  high 
temperature  measurements  can  be  considerably  inaccurate. 

The  turbine  blades  (figure  3-3)  were  found  to  be  in  satisfactory  condition, 
but  the  nozzle  ring  showed  definite  heat  warping  (figures  3-4  and  3-5)  where  the  top 
combustion  chamber  discharged  into  it.  It  can  also  be  seen  in  figure  3-4  that  the 
deposits  left  by  the  diesel  engine  (previous  service  of  the  turbo  charger)  were  complete!/ 


■  ■ 
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FIGURE  3-3  TURBINE  BLADES 


FIGURE  3-4  NOZZLE  RING 
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FIGURE  3-6  FLAME  ENDS  OF  COMBUSTfON  CHAMBERS 
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burnt  off  where  the  top  chamber  exhausted,  but  partially  remained  where  the  lower 
chamber  exhausted.  Figure  3-5  clearly  shows  the  extent  of  the  nozzle  warping  on  the 
upper  chamber  while  none  existed  for  the  lower  chamber,  all  indicating  that  the  top 
combustion  chamber  was  definitely  too  hot. 

Examination  of  the  combustion  chambers'  ends  indicated  that  the  top 
combustion  chamber  was  burning  very  cleanly,  while  the  lower  chamber  shows  an 
extremely  sooty  condition,  as  if  incomplete  combustion  was  taking  place  (figure  3-6). 

Inside  the  combustion  chambers  however,  the  reverse  existed.  The  lower 
combustion  chamber,  figure  3-7,  was  very  clean  while  the  top  chamber,  figure  3-8, 
had  a  very  curious  inner  deposit,  extremely  thick  (1  ")  in  places.  This  deposit  is 
difficult  to  see  in  figure  3-8,  but  was  located  in  the  dark  area  just  behind  the  large 
mixing  holes  seen  in  the  chamber.  It  looked  and  felt  like  pure  carbon  (i.e.  similar 
to  the  carbon  given  off  by  an  oxy-acetylene  welder  burning  acetylene  only).  No 
attempt  was  made  to  analyze  the  deposit  or  fuel  used  at  this  time  in  an  effort  to  deter¬ 
mine  why  the  deposit  occured,  as  it  was  felt  to  be  beyond  the  scope  of  this  experimental 
study. 

After  carefully  straightening  out  the  warped  nozzle  ring,  the  turbine  was 
reassembled  and  a  check  of  its  operation  made. 

3.3  Steam  Injection  Test  Runs 

The  procedure  followed  during  the  steam  injection  runs  was  the  sane  as 
that  for  the  basic  thermal  efficiency  funs  except  that  two  persons  were  needed  to 
operate  all  the  necessary  controls. 
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FIGURE  3-6  INSIDE  TOP  COMBUSTION  CHAMBER 
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The  mein  steam  valve  was  opened  first  to  force  the  water  out  of  the 
superheater  pipes  before  starting  the  turbine.  After  the  steam  condition  was  as  good 
as  possible  without  superheating,  the  turbine  was  started,  as  described  in  section  3.1  . 

Following  a  thermal  efficiency  run,  two  more  runs  with  added  steam  were 
done.  The  actual  rate  of  change  of  injection  proceded  very  slowly  because  both  persons, 
one  operating  the  turbine  and  air  bleed  off,  the  other  controlling  the  steam  injection, 
had  to  closely  co-ordinate  their  actions,  otherwise  flame-out  (due  to  excessive  steam) 
would  occur. 

To  accomplish  the  actual  injection,  the  drain  valve  was  slowly  closed  as 
the  valve  to  the  orifice  plate  was  opened  fully,  directing  the  flow  of  superheated  steam 
into  the  turbine  until  a  predetermined  pressure  differential  existed  across  the  steam 
orifice  plate  "radius"  taps.  While  the  superheated  steam  was  being  injected,  the 
turbine  operator  tried  to  keep  the  pressure  ratio  constant  and  the  temperatures  of  the 
combustion  chambers  near  1200°F.  by  adjusting  the  fuel  to  each  cnamber.  Once 
equilibrium  was  achieved,  the  fuel  clock  was  set  and,  once  started,  the  data  were 
recorded.  Additional  data  required  were  the  temperature  of  the  steam  through  the 
orifice  plate  (position  7),  the  static  pressure  at  and  the  "radius"  differential  pressure 

across  the  steam  orifice  plate  (manometers  6  and  7). 

After  the  two  steam  runs  were  completed,  the  turbine  was  stopped  in  the 

described  manner  after  the  steam  had  been  turned  to  drain.  The  steam  was  left  on  after- 
stopping  the  turbine  in  order  to  cool  the  superheater  pipes. 


CHAPTER  4 


METHOD  OF  ANALYSIS 


The  order  of  the  analysis  presented  below  is  in  the  same  order  in  which 
the  results  in  Cahpter  5  are  presented.  In  all  cases,  the  temperatures  and  manometer 
readings  used  herein  (see  tables  5-3  and  5-4)  were  mean  values,  the  manometer  readings 
being  corrected  for  changes  in  density  of  their  respective  fluids  with  temperature. 


4.1  Compressor  Effici  ency 

The  compressor  adiabatic  efficiency  was  calculated  in  two  manners; 
using  the  compressor  curves  (figure  4-1)  supplied  by  Brown  Boveri  (Canada)  Ltd.,  and 
by  total  temperature  rise  method. 

To  use  the  compressor  curves,  the  pressure  rise  (ratio)  through  the  com- 

O 

pressor  and  the  amount  (meter  /sec.)  of  air  handled  by  the  compressor  had  to  be  known. 
The  pressure  rise  (ratio)  was  found  from  the  total-head  tube  reading  and  the  atmospheric 
pressure,  while  the  amount  of  air  drawn  in  at  59°F.  was  calculated  from  the  air  flow 
reading  using  the  calibration  curve  (figure  2-12)  to  obtain  the  average  square  root  of 
the  velocity  head. 

The  total  temperature  rise  can  readily  be  used  since  the  adiabatic 


efficiency  of  a  compressor  is  defined  as 


15 


adiabatic  work  of  compression 

actual  work  of  compression 


=  Ah  adb 
A  h  act 


4.1 


or 


4.2 
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which  for  perfect  gases  is 


or  simply 


Cp(Tt2-  -  Tt] ) 
Cp(Tt2-  Tt^ 


-  Tt 
^Tt 


if  Cp  remains  constant  as  it  does  for  air  at  iow  temperatures. 
Now  if  the  compressor  is  adiabatic, 


4.3 

4.4 


or 


4.5 


then  it  was  possible  to  calculate  the  theoretical  total  temperature  after  compression, 
and  using  the  measured  value,  find  the  compressor  efficiency. 


4.2  Combustion  Efficiency 

To  compute  the  combustion  efficiency,  air  tables  and  tables  of  com¬ 
bustion  products  of  400%  air16  (see  section  5.1  for  validity  of  use)  were  used  to  find 
the  enthalpy  of  the  air  before  the  combustion  chambers  and  the  enthalpy  of  the  air-fuel 
products  after  combustion,  using  the  measured  temperatures.  The  enthalpy  difference 
(BTU's/sec.)  was  then  divided  by  the  heat  added  (BTU's/sec.)  giving  the  efficiency 
(x  1 00%) . 

The  heat  added  to  the  combustion  chambers  was  found  from  the  fuel  rate 
(Ibm/sec . )  multiplied  by  the  lower  heating  value  (since  it  was  assumed  that  the  H20 
would  not  condense  out)  of  the  fuel  (BTU's/lbm).  The  L.H.V.  of  the  fuel  was  found 
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to  be  18,600  BTU's/lbm  by  taking  an  °A.P.I.  gravity  and  using  figure  72  on  page  118 
of  reference  1 7. 

For  the  cases  where  superheated  steam  was  injected,  the  mixture  was 

considered  to  be  nonreactive,  allowing  the  enthalpy  rise  of  the  superheated  steam  to 

1 8 

be  obtained  from  steam  tables  using  the  measured  temperatures  and  pressures.  The 
sum  of  the  enthalpy  rise  of  the  air  and  the  superheated  steam  (BTU's/sec.)  was  divided 
by  the  heat  added  (BTU's/sec.)  to  give  the  combustion  efficiency  in  these  cases. 

4.3  Turbine  Efficiency 

The  turbine  isen tropic  efficiency  was  found  by  use  of  figure  4-2  which 
was  drawn  from  information  supplied  by  Brown  Boveri  (Canada)  Ltd.  The  isentropic 
heat  drop  for  the  air-fuel  products  was  obtained  from  the  tables  of  combustion  products 
of  400%  air^  using  the  measured  temperature  into  the  nozzle  ring  and  the  pressure  drop 
(ratio)  incurred  by  the  air-fuel  products  expanding  in  the  turbine  wheel.  The  pressure 
ratio  was  found  from  the  pressure  after  compression  minus  the  pressure  drop  through  the 
combustion  chambers,  and  this  difference  was  divided  by  the  exhaust  pressure,  all  in 
absolute  units.  The  isentropic  heat  drop  (BTU's/lbm)  was  then  converted  to  Joules/ 

kilogram  giving  the  H  value  for  figure  4-2. 

The  circumferential  speed  (U)  of  the  turbine  at  the  medium  turbine 

diameter  was  obtained  by  multiplying  the  turbine  speed,  radians/sec . ,  (average  value 
of  observed  reading  and  compressor  curve  point)  times  the  diameter  of  the  turbine 
wheel  at  the  mean  diameter  (measured  as  5.73"  or  0.1457  meters).  Thus  the  isentropic 
efficiency  of  the  turbine  was  found  directly. 


» 
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WHERE  H  =  ISENTROPIC  HEAT  DROP  IN  THE 


52 


o 

<v 

(/) 


Lu 

X 


o> 


Q 

UJ 

UJ 

Q_ 

CD 


cr 

UJ 

h- 

LU 

5 

< 

Q 


CD 

<r 
3 
H  2 


< 

h- 

Z 

UJ 

cr 

UJ 


3 

Q 

UJ 

2 


UJ 

2 


CJ  OD 

cc  cc 


o 

II 

3 


3 

h- 


Q 

Z 

< 


(%)  A  D  N3I  Did  33  DldOHiN  3SI  3NI9HD1 


FIGURE  4-2  TURBINE  ISENTROPIC  EFFICIENCY 

(BY  PERMISSION  OF  BROWN  BOVpRI  CANADA  LTD.) 
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4.4  Fuel  to  Air  Ratio 

The  Ibm  of  air  for  each  Ibm  of  fuel  used  was  found  simply  by  dividing  the 
mass  rate  of  air  through  the  combustion  chambers,  that  is^he  total  mass  rate  flowing 
through  the  compressor  minus  the  mass  rate  of  air  bleed  off,  by  the  mass  rate  of  fuel 
added.  The  mass  rate  of  air  bled  off  from  the  compressor  was  calculated  from  the 
readings  taken  at  the  bleed-off  orifice  plate  using  the  method  outlined  in  the  A.S.M.E. 
Flow  Measurements  (1940)  Part  5,  Power  Test  Codes. 

4.5  Fuel  to  Mixture  Ratio 

The  Ibm  of  mixture  for  each  Ibm  of  fuel  used  was  computed  by  dividing  the 
mass  rate  of  air  plus  the  mass  rate  of  superheated  steam  travelling  through  the  combustion 
chambers  by  the  mass  rate  of  fuel  added.  The  mass  rate  of  superheated  steam  added  to  the 
cycle  was  found  by  the  same  method  as  the  mass  rate  of  air  bled  off  from  the  compressor. 

4.6  Superheated  Steam  to  Air  Ratio 

This  was  simply  computed  by  dividing  the  mass  rate  of  air  through  the 

combustion  chambers  by  the  mass  rate  of  superheated  steam  added  to  the  cycle.  Note 
that  although  superheated  steam  was  only  added  to  one  chamber,  the  air  mass  that  was 
computed  flows  through  both. 

4.7  Work  Output 

The  work  output  by  the  cycle  was  the  work  required  to  compress  the  air 
bled  off  from  the  compressor.  This  was  found  by  multiplying  the  mass  rate  of  air  bled 
off  times  the  actual  enthalpy  increase  imparted  by  the  compressor  to  it.  The  enthalpy 
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. 
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increase  was  obtained  from  air  tables*^  using  the  measured  temperatures  at  the 
compressor  inlet  and  outlet. 

4.8  Heat  Added 

The  amount  of  heat  added  to  the  cycle  by  the  fuel  was  computed  as 
described  in  section  4.2. 

4.9  Thermal  Efficiency 

1  9 

Thermal  efficiency  for  a  thermodynamic  cycle  is  defined  as  net  work 
output  divided  by  the  heat  added  to  the  working  substance.  Thus  dividing  the  work 
output  (section  4.7)  by  the  heat  added  (section  4.2)  gives  the  thermal  efficiency.  But 
since  the  work  to  pump  the  fuel  and  to  pump  the  water  for  steam  production  were 
considered  negligible,  the  thermal  efficiencies  obtained  from  these  calculations  might 
be  classed  as  "gross"  thermal  efficiency. 

4.10  Compressor  Horsepower 

The  horsepower  required  by  the  compressor  to  compress  all  the  air 
supplied  was  calculated  by  multiplying  the  total  mass  rate  of  air  by  the  enthalpy 
increase  imparted  by  the  compressor  to  this  air  and  converting  it  to  horsepower. 


9 [ft  vd  belwqm?  o&tisni 
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4.11  Turbine  Horsepower 

The  horsepower  produced  by  the  turbine  was  calculated  by  finding  the 
enthalpy  drop  through  the  turbine  from  the  measured  temperatures,  multiplied  by  the 
mass  flow  of  air-fuel  mixture  and  converting  this  to  horsepower.  For  cases  with  added 
superheated  steam,  the  horsepower  produced  by  the  steam  was  added  to  that  of  the  air- 
fuel  mixture. 

4.12  Theoretical  Turbine  Horsepower 

The  theoretical  horsepower  produced  by  the  turbine  was  calculated  by 
obtaining  the  isentropic  heat  drop  (ETU/lbm)  in  the  turbine,  multiplied  by  the  turbine 
isentropic  efficiency  and  converted  to  horsepower. 
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CHAPTER  5 


EXPERIMENTAL  RESULTS  AND  DISCUSSION 

The  experimental  results  are  shown  in  tables  5-1 ,  5-2,  5-3  and  5-4. 

Tables  5-1  and  5-2  list  the  results  of  all  the  experimental  tests  as  discussed  in  Chapter 
4,  while  tables  5-3  and  5-4  show  the  mean  value  of  the  readings  taken  during  these 
tests.  Table  5-5  is  a  comparison  of  experimental  and  theoretical  results. 

5.1  Discussion  of  Errors  in  the  Trial  Runs  and  Methods  of  Analysis 

Before  discussing  the  experimental  results,  certain  errors  noted  during 
the  course  of  the  trials  should  be  noted. 

At  the  beginning  of  trial  9,  it  was  found  that  the  thermocouple  at  the 
top  combustion  chamber  outlet  was  not  recording  the  maximum  temperature  of  the  hot 
gases  and  was  therefore  adjusted  to  do  so.  This  meant  that  the  temperatures  recorded 
at  this  position  for  all  the  previous  runs  were  in  error  as  evidenced  by  the  warping  of 
the  nozzle  ring  (section  3.2).  During  trial  5,  however,  this  thermocouple  did  record 
continuously  in  the  1280°F.  to  1290°F.  range  (table  5-3),  producing  a  combustion 
efficiency  of  97.2%  (table  5-1)  which  is  probably  close  to  its  true  value  and  consider¬ 
ably  higher  than  any  other  value  calculated. 

One  of  the  reasons  for  not  detecting  this  erroneous  thermocouple  earlier 

is  also  seen  in  table  5-3.  That  is,  the  thermocouple  after  the  turbine  wheel  top  always 
recorded  a  lower  temperature  than  at  the  turbine  wheel  bottom.  These  readings  differed 
from  40°F .  to  140°F.  and  it  was  felt  at  the  time  that  the  thermocouples  after  the 
turbine  wheel  would  have  been  more  accurate  than  those  before  the  nozzle  ring.  This 
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low  reading  at  the  top  of  the  turbine  wheel  outlet  may  have  been  caused  by  poor 
location  of  the  thermocouple.  It  should  also  be  noted  that  no  attempt  was  made  to 
use  radiation  shields  on  the  chromel-alumel  thermocouples,  or  to  correct  the  readings 
for  radiation  losses. 

Another  source  of  error  that  may  exist  in  the  calculations  of  combustion 
efficiency,  turbine  efficiency  and  turbine  horsepower,  is  that  the  percent  theoretical 
air  varied  from  400%  to  443%,  while  tables  of  combustion  products  of  400%  air  were 
used.  The  effect  of  using  the  400%  air  tables  instead  of  ones  for  higher  percentage 
values  (tables  were  not  available  for  higher  percentage  values  although  charts  are,  but 
undue  error  is  introduced  reading  charts)  is  to  increase  the  combustion  efficiency,  since 
the  enthalpy  per  lb  mole  at  any  given  temperature  is  higher  for  400%  air  than  for  per¬ 
centages  greater  than  400%.  Thus  the  enthalpy  difference  obtained  by  the  air  is 
greater  than  would  actually  be  the  case.  But  for  a  temperature  of  1660°R.  (1200°F.), 
the  difference  between  the  enthalpy  per  Ibm  of  200%  and  400%  air  is  less  than  1  .7%, 
thus  for  443%  air  compared  with  400%  air,  the  error  involved  is  about  0.36%. 

Also  to  be  noted  is  that  the  products  of  combustion  of  400%  air  tables 
were  tabulated  for  olefin  series  fuels,  ((CH2)n),  while  kerosene  is  a  paraffin  series  fuel 

(C  H  ).  Aqain  for  any  value  of  n,  a  paraffin  series  fuel  has  a  higher  enthalpy  of 
n  2n+2 

combustion20,  but  the  effect  in  the  enthalpy  per  Ibm  at  any  temperature  is  almost  nil 

.  21 

as  the  Ibm  of  products  per  lb  mole  changes  very  little 

5.2  Compressor  Efficiency 

In  table  5-1,  the  results  of  the  compressor  efficiency  as  calculated  from 

the  Brown  Boveri  compressor  curves  and  by  the  total  temperature  rise  method, and  also 
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the  average  values  are  shown.  The  results  show  good  agreement  between  the  methods 
of  calculation  with  the  efficiencies  varying  from  62.5%  to  67.5%.  The  maximum 
disagreement  between  the  two  methods  is  less  than  8%. 

5.3  Combustion  Efficiency 

The  combustion  efficiency  is  seen  to  vary  from  a  minimum  of  87.75%  to 
a  maximum  of  97.2%,  the  average  value  of  all  the  runs  being  91  .55%.  The  effect  of 
the  erroneous  thermocouple  is  clearly  seen  by  comparing  the  combustion  efficiency  of 
trials  6,  7  and  8,  with  trials  9,  10  and  1 1  respectively. 

5.4  Turbine  Efficiency 

The  turbine  efficiencies  shown  in  table  5-1  are  almost  all  the  same, 
varying  from  74.0%  to  75%.  It  was  assumed  in  all  cases  that  the  temperatures  measured 
at  the  turbine  inlet  were  correct  (neglecting  radiation  losses)  but  this  is  obviously  in 
error  except  perhaps  for  trials  5,  9,  1  0  and  1 1  .  If  the  temperature  were  100°F.  higher 
than  indicated  at  top  combustion  chamber  outlet,  the  average  temperature  inlet  would 
be  raised  only  50°F. 

Assuming  this,  a  recalculation  of  the  turbine  efficiency  shows  that  for 
trial  3,  the  turbine  isentropic  efficiency  would  be  74.8%.  Thus  the  error  involved  is 

very  smal I . 

Since  the  correlation  between  the  methods  of  calculating  the  compressor 
efficiency  was  good,  it  is  felt  that  the  turbine  efficiencies  obtained  from  the  data 
published  by  Brown  Boveri  (Canada)  Ltd.  are  equally  as  accurate.  This  is  verified 
when  one  compares  the  horsepower  required  by  the  compressor  (allowing  for  a  98% 
drive  efficiency  and  windage  losses)  with  the  theoretical  horsepower  produced  by  the 
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turbine  (table  5-2  and  section  4,12). 

5.5  Fuel  to  Air  Ratio 

The  fuel  to  air  ratios  vary  between  1/60  (400%  theoretical  air)  and 
1/66.5  (443%  theoretical  air),  which  for  the  fuel  used  and  the  maximum  temperatures 
reached  are  normal  as  evidenced  by  the  combustion  efficiencies. 

5.6  Fuel  to  Mixture  Ratio 

The  fuel  to  mixture  ratios  show  a  smaller  variation  than  the  fuel  to  air 
ratios.  This  is  because  the  superheated  steam  replaced  some  of  the  air  flowing  through 
the  combustion  chambers,  reducing  the  fuel  to  air  ratio,  producing  a  wider  difference 
in  the  fuel  to  air  ratios. 


5.7 


Steam  to  Air  Ratio 


In  the  first  steam  injection  trials,  trial  7  had  only  2.75%  added  super¬ 
heated  steam,  while  in  trial  8,  it  was  increased  to  3.86%.  The  higher  value  (3.86%) 
was  restricted  in  these  first  trials  because  the  air-bleed-off  valve  was  fully  opened,  and 
a  further  increase  in  the  steam  injection  rate  would  only  have  necessitated  the  tempera¬ 
tures  before  the  nozzle  ring  to  be  reduced  to  maintain  a  constant  pressure  ratio  of  1  .5  to  1 
To  overcome  this,  a  larger  orifice  plate  was  installed  (the  design  was 
exactly  the  same,  only  the  hole  was  1 .44"  in  diameter)  in  the  air-bleed-off  line.  This 
allowed  the  stecrm  injection  rate  to  be  increased  to  4.46%  for  trial  10,  and  to  6.75% 
for  trial  11.  The  value  of  6.75%  superheated  steam  (actually  about  13.5%  superheated 
steam  for  the  lower  combustion  chamber)  was  found  to  be  very  near  the  limit  for  flame 
out  in  the  lower  combustion  chamber.  This  limit  was  most  likely  due  to  the  location 
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Theo.  Turb. 
H.P.  Theo. 
Temp.  Drop 

124.5 

120 

114.3 

112 

,16 

116.6 

114 

109 

109 

Turb.  H.P. 
Measured 
Temp.  Drop 

141 

149.5 

181 .5 

182 

218 

162.5 

162.2 

145.3 

204 

188 

258 

Comp . 
H.P. 

106 

112.5 

118.8 

112 

110 

106 

112.3 

113 

no 

103 

102 

Fuel 

Rate 

Ibm/sec . 

0.0450 

0.0456 

0.0475 

0.0462 

0.04425 

0.0435 

0.0437 

0.044 

0.0434 

0.0426 

0.0427 

Steam 
Injected 
Ibm/sec . 

0.0752 

0.103 

0.1168 

0.1725 

Air 

Bled  off 
Ibm/sec . 

0.1323 

0.1327 

0.1448 

0.1380 

0.1480 

0.1502 

0.2425 

0.289 

0.108 

0.2175 

0.258 

Total 

Air  Flow 
Ibm/sec . 

2.91 

3.15 

3.11 

3.07 

3.05 

2.98 

2.98 

2.96 

2.995 

2.845 

2.82 

. 

Trial 

No. 

_ _  csJCO'^’LOvO^<^^s^' 
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where  the  superheated  steam  entered  the  combustion  chamber.  That  is,  the  superheated 
steam  was  injected  directly  onto  the  primary  mixing  holes  on  the  end  of  the  inner  "can", 
causing  momentary  quenching  of  the  flame  in  the  combustion  chamber.  If  the  super¬ 
heated  steam  could  have  been  easily  injected  further  upstream  from  the  inner  "can", 
better  distribution  of  the  superheated  steam  could  probably  have  been  achieved,  allowing 
more  superheated  steam  to  be  injected.  With  the  6.75%  superheated  steam,  and  the 
new  air-bleed-off  orifice  plate,  the  control  valve  on  the  air-bleed-off  was  not  fully 
opened . 

5.8  Work  Output 

For  the  first  6  trials,  table  5-1,  the  net  work  output  is  seen  to  be  about 
the  same,  but  after  correcting  the  thermocouple  on  the  top  combustion  chamber  (trial  9), 
a  decided  decrease  is  noted.  This  would  obviously  be  the  case,  as  more  air  is  required 
to  cool  the  flame,  reducing  the  amount  of  air  that  could  be  bled  off  (table  5-2).  It  is 
also  obvious  that  if  the  superheated  steam  was  used  to  replace  some  of  the  air  passing 
through  the  lower  combustion  chamber,  more  air  could  be  bled  off  from  the  compressor, 
producing  more  work  output.  This  is  also  verified  by  the  net  work  output  (table  5-1) 
and  the  amount  of  air  bled  off  (table  5-2), 

5.9  Heat  Input 

The  heat  input  (BTU's/sec.)  is  seen  to  vary  quite  widely  for  the  trials. 

This  perhaps  can  be  expected  as  an  error  of  1/4  Ibm  on  the  weighing  scale  can  produce 
a  difference  up  to  1  1  BTU/sec.  in  the  heat  added.  The  amount  of  fuel  added  to  the 
cycle  is  also  dependent  upon  the  mass  flow  of  air  through  the  combustion  chctrsbers,  and 
the  maximum  temperature  before  the  nozzie  ring.  Further  the  mass  flow  itself  is  affected 
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by  the  air  intake  temperature.  That  is,  as  the  air  intake  temperature  increases,  the 

O 

air  density  (Ibm/F  r)  is  reduced,  reducing  the  mass  flow  drawn  in  by  the  compressor. 

For  the  trials  with  steam  injection,  the  amount  of  heat  added  is  also 
dependent  upon  the  amount  of  superheated  steam  added  and  the  temperature  rise 
imparted  to  the  superheated  steam  (average  Cp  of  superheated  steam  between  300°F . 
and  1200°F.  is  0.494  BTU/lbm°F  .)22.  This  effect  is  clearly  shown  in  trials  6,  7  and 
8,  where  the  mass  of  air  handled  by  the  compressor  remained  fairly  constant  (table 
5-2).  The  effect,  however,  is  not  quite  as  pronounced  here  as  it  should  be  because 
the  maximum  temperatures  were  not  kept  constant  (table  5-3).  On  the  next  set  of 
trials,  that  is,  9,  10  and  11,  the  reverse  almost  seems  to  be  true.  But  closer  examina¬ 
tion  reveals  that  the  air  intake  temperature  (table  5-3)  increased  from  96°F.  to  104.5 
°F.  for  these  trials  reducing  the  mass  flow  of  air  (table  5-2),  while  the  compressor 
efficiency  increased  from  64.2%  average  to  66.2%  average,  reducing  the  work  to 
drive  the  compressor  (table  5-2),  allowing  for  a  reduction  in  the  heat  added. 

It  is  correct  though,  that  if  the  conditions  remained  the  same,  that  is, 
the  compressor  efficiency,  speed,  and  the  air  intake  temperature,  more  heat  would 
have  to  be  added  to  the  cycle  if  superheated  steam  was  injected  because  of  the  higher 
Cp  value  of  superheated  steam  compared  with  air  or  air-fuel  mixture. 

5.10  Thermal  Efficiency 

The  computed  "gross"  thermal  efficiencies  shown  in  table  5-1  are  seen 
to  be  very  low.  This  is  to  be  expected,  particularly,  with  the  apparatus  used  for  the 
trials.  That  is,  a  gas  turbine  operating  with  maximum  temperatures  of  1200°F.,  a 
pressure  ratio  of  1  .5,  a  compressor  efficiency  of  65%,  a  turbine  efficiency  of  75%, 
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high  intake  temperature  (91  °F  .  average),  with  1  00%  combustion  efficiency  and  no 
pressure  losses,  has  a  theoretical  thermal  efficiency  of  only  3. 1 9%.  Thus  with  the 
losses  encountered  in  the  experimental  apparatus  the  results  obtained  are  considered 
to  be  reasonable  (see  section  5.14). 

The  efficiencies  are  seen  to  be  fairly  consistent  for  the  first  6  trials 
without  the  added  superheated  steam,  but  for  trial  9,  after  the  high  temperature  thermo¬ 
couple  was  corrected,  a  decided  drop  in  thermal  efficiency  was  obtained.  With  the 
steam  injection,  however,  significant  gains  in  the  work  output  and  thermal  efficiency 
were  obtained.  These  trials  show  that  if  the  mass  rate  of  superheated  steam  injected 
was  increased,  the  thermal  efficiency  increased. 

Because  identical  operating  conditions  were  not  obtained  for  the  two 
series  of  steam  injection  runs  (that  is,  the  combustion  chamber  outlet  temperatures 
varied  considerably,  as  did  the  mass  rates  of  air  flow),  it  is  difficult  to  conclude  the 
effect  of  increased  cycle  temperature  (that  is,  assuming  the  top  combustion  chamber 
outlet  temperature  was  higher  than  that  actually  recorded)  on  the  increase  in  efficiency 
to  be  obtained. 

The  experimental  error  in  these  trials  was  found  to  be  12%  assuming  that 
the  mass  rate  of  air-bleed-off  was  correct.  That  is,  the  orifice  plates  were  not  cali¬ 
brated  against  a  known  discharge,  as  this  equipment  was  not  available. 

5.11  Compressor  Horsepower 

The  horsepower  required  to  compress  all  the  air  drawn  in  by  the  compressor 
for  each  trial  is  seen  in  table  5-2.  The  values  obtained  are  highly  dependent  upon  the 
air  intake  temperature  (changes  in  the  density  of  the  air)  and  the  compressor  adiabatic 
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efficiency.  The  adiabatic  efficiency  of  the  compressor  affects  the  air  delivery 
temperature  directly,  that  is,  the  enthalpy  of  the  air  at  discharge,  and  the  enthalpy 
difference  induced  by  the  compressor. 

The  maximum  difference  in  horsepower  is  seen  to  occur  during  the  last 
series  of  trials  (that  is,  trials  9,  1  0  and  1  1 ),  accounting  for  the  obvious  drop  in  the 
heat  added,  even  though  steam  injection  took  place. 

5.12  Turbine  Horsepower 

A  comparison  of  the  horsepower  produced  by  the  turbine  (table  5-2)  with 
the  horsepower  required  by  the  compressor  for  any  given  trial  shows  definite  disagreement 
between  them.  The  reason  for  this  is  that  the  turbine  horsepower  was  calculated  on  the 
average  measured  temperature  drop  through  the  turbine  wheel.  While  the  temperatures 
into  the  nozzle  ring  were  kept  about  equal  (neglecting  the  effect  of  the  erroneous 
thermocouple),  the  temperatures  after  the  turbine  wheel  differed  as  mentioned  in  section 
5.7. 

A  check  of  table  5-5,  however,  shows  that  the  theoretical  temperature 
after  the  turbine  wheel,  assuming  that  the  temperature  in^wasoorxect,.  isconsiderably 
higher  than  the  average  of  the  measured  temperatures.  It  should  be  noted,  however, 
that  the  temperature  measured  at  the  bottom  after  the  turbine  wheel,  matches  the 
theoretical  values  computed  in  table  5-5  for  trials  9  and  10  closely  (that  is,  1091 .7 

6Xp  • 

versus  1093  ,  ,  and  1067.6  versus  1 075  ).  For  trial  11,  however,  the 

theo.  exp.  theo. 

measured  temperature  is  about  100°F .  below  the  theoretical  value. 
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5.13  Theoretical  Turbine  Horsepower 

The  results  obtained  from  the  theoretical  horsepower  calculations  are  in 
close  agreement  (table  5-2)  with  the  horsepower  required  by  the  compressor.  This  will 
further  substantiate  the  erroneous  temperature  after  the  turbine  wheel. 

5.14  Comparison  of  Theoretical  and  Experimental  Results 

Table  5-5  shows  a  comparison  of  theoretical  and  experimental  results  for 
trials  9,  10  and  1 1  .  The  theoretical  values  were  arrived  at  by  using  the  temperature 
and  pressure  readings  taken  during  the  actual  tests.  That  is,  the  air  intake  temperatures 
were  the  same  in  each  case  as  well  as  the  compressor  adiabatic  efficiency.  The  tempera¬ 
ture  after  compression  was  calculated  from  air  tables  using  the  measured  pressure  ratio. 

The  results  are  very  close. 

The  turbine  inlet  temperature  was  also  assumed  equal  in  both  cases,  as 
well  as  the  steam  temperature  into  the  nozzle  ring.  The  turbine  pressure  ratio  was 
found  as  described  in  section  4.3,  and  using  tables  of  combustion  products  of  400%  air, 
and  steam  tables  where  necessary,  the  isentropic  heat  drop  was  computed.  Assuming 
the  turbine  efficiency  to  be  the  same,  the  actual  enthalpy  drop  and  temperatures  were 
obtained . 

The  question  arises  at  this  point  as  to  whether  the  turbine  has  the  same 
efficiency  for  superheated  steam  as  for  the  air-fuel  products  of  combustion.  It  is  perhaps 
a  reasonable  assumption  as  is  evidenced  in  section  1 .3,  superheated  steam  behaves 
approximately  as  a  perfect  gas,  as  would  the  products  of  combustion  of  400%  air  for  the 
range  considered  (that  is,  about  100°F.  drop  and  6  p.s.i.  drop).  If  the  turbine  efficiency 
were  lower  than  the  assumed  value,  say  70%,  the  theoretical  efficiency  for  trial  1  1 
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would  be  1  .225%,  or  if  it  were  80%,  the  efficiency  would  be  1  .353%.  In  either  case 
the  agreement  is  good. 

The  heat  added  to  the  cycle  was  assumed  to  be  the  same  in  both  cases, 
and  a  turbine-compressor  drive  efficiency  of  98%  was  assumed  for  the  theoretical 
calculations. 

The  compressor  work  calculated  was  only  that  necessary  to  compress  the 
air  supplied  to  the  combustion  chambers,  and  the  difference  between  the  turbine  work 
and  the  compressor  work  divided  by  the  drive  efficiency  was  considered  as  the  gross 
work  left  over  by  the  cycle.  Thus  dividing  the  gross  work  by  the  heat  added  gave  an 
efficiency  comparable  to  the  "gross"  thermal  efficiency  defined  in  section  4.9. 

The  compressor  work  and  the  turbine  work  were  computed  as  described 
in  sections  4.10  and  4,12  respectively. 


- 


CHAPTER  6 


CONCLUSIONS  AND  RECOMMENDATIONS 

6,1  Conclusions 

The  effect  on  the  thermal  efficiency  of  a  simple  open  gas  turbine  by 
injecting  superheated  steam  into  a  combustion  chamber  has  been  studied.  Although  the 
pump  works  to  supply  the  fuel  and  the  water  to  their  required  pressures  were  neglected, 
and  the  turbine  did  not  produce  the  steam  used  in  a  waste  heat  boiler,  only  superheating 
it,  it  is  concluded  that  injection  of  superheated  steam  into  a  simple  open  gas  turbine 
cycle  will  improve  the  thermal  efficiency  of  the  cycle.  This  was  substantiated  experi¬ 
mentally,  and  when  checked  against  theoretical  calculations  for  the  same  cycle 
operating  conditions  and  component  efficiencies,  close  agreement  was  obtained. 

It  is  felt  that  while  large  gains  in  thermal  efficiency  were  obtained  for 
the  particular  apparatus  used,  the  effects  in  commercial  units  would  not  be  as  large, 
and  could  be  predicted  closely  by  careful  calculations  as  in  the  cases  of  Schroder^  ^ 
and  Chambadal  ^  ^ . 

Except  for  the  limit  of  flame  stability  reached  in  the  lower  combustion 
chamber,  the  detrimental  effects,  if  any,  of  injecting  superheated  steam  into  the  gas 
turbine  cycle  were  not  obvious  as  the  running  time  was  very  short. 

Also  verified  is  the  fact  that  if  the  ratio  of  steam  mass  to  air  mass  is 


increased,  the  thermal  efficiency  will  be  increased,  but  in  decreasing  amounts,  until, 
as  in  these  experiments,  a  limit  of  flame  stability  is  reached. 
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6.2  Recommendations 

Although  the  effect  of  steam  injection  upon  a  simple  open  gas  turbine  has 
been  studied,  it  is  felt  that  a  more  thorough  investigation  should  be  made.  If  possible 
these  tests  should  be  done  on  a  gas  turbine  which  has  a  much  higher  basic  thermal 
efficiency.  This  would  result  in  more  typical  results,  particularly  if  the  pressure  ratio 
and  the  temperature  into  the  nozzle  ring  can  be  varied  easily.  Naturally  the  turbine 
should  produce  all  the  steam  used  and  the  pump  works  should  be  considered. 

If  another  turbine  is  not  available  and  the  one  used  in  these  experiments 
is  used  again,  it  is  suggested  that  a  high  speed  dynanometer  be  obtained  for  the  machine, 
and  better  methods  for  measuring  the  temperatures  before  and  after  the  turbine  wheel 
be  employed.  Also  the  position  of  injection  of  the  superheated  steam  should  be 
relocated  further  up  stream  from  the  combustion  chamber  to  avoid  the  flame  quenching 
situation  encountered. 

In  addition,  analysis  of  the  exhaust  gases  should  be  carried  out  to  check 
the  validity  of  the  non-reactive  gases  assumption. 
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APPENDIX  A 


THE  DEVELOPMENT  OF  THE  GAS  TURBINE 
USED  IN  THIS  EXPERIMENTAL  STUDY 

A.l  Introduction 

The  actual  development  of  the  turbine  started  as  a  laboratory  assignment 
in  MECH.  E.  521  .  The  Mechanical  Engineering  Department  was  donated  a  Brown 
Boveri  Turbo  Charger  Type  VTR  320  by  Trans  Mountain  Oil  Pipe  Line  Co.,  and  it  was 
decided  to  convert  it  into  a  gas  turbine. 

Correspondence  with  Brown  Boveri  (Canada)  Ltd,,  gave  specific  informa¬ 
tion  on  the  turbo  charger.  This  included  a  compressor  curve  (figure  4-1)  and  a  method 
of  calculating  the  turbine  efficiency  (figure  4-2).  Brown  Boveri  also  indicated  that 
the  turbo  charger  could  be  converted  into  a  gas  turbine  if  certain  steps  were  taken. 

A. 2  Basic  Theory  of  the  Gas  Turbine 

The  gas  turbine  or  Brayton  cycle  operates  on  a  simple  continuous  flow 
cycle.  Air  is  compressed  and  fed  into  a  combustion  chamber  where  fuel  is  added  and 
the  mixture  burned.  The  hot  gases  then  expand  in  a  turbine  wheel,  driving  the  air 
compressor  (usually  of  a  centrifugal  or  an  axial  flow  type).  The  excess  energy  in  the 
exhaust  gases  is  then  used  to  produce  useful  work  of  some  nature;  i.e.  electrical 
power  generation,  jet  propulsion,  supplying  compressed  air,  etc.  A  diagram  of  a 
simple  open  cycle  is  shown  in  figure  A-l  . 
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FIGURE  A  - 1  SIMPLE  OPEN  CYCLE 

From  figure  A-l  it  is  evident  that  a  turbo  charger  contains  two  of  the 
three  basic  elements  of  a  simple  open  gas  turbine.  That  is,  a  compressor  (centrifugal 
type  in  this  case)  and  a  turbine  wheel  connected  on  a  shaft.  Thus,  all  that  is  necessary 
to  complete  the  machine  is  to  install  a  combustion  chamber  capable  of  handling  the 
air  flow  induced  by  the  compressor. 

A. 3  Selection  of  a  Combustion  Chamber 

From  the  compressor  curves  supplied  by  Brown  Boveri  (figure  4-1)  it  was 
possible  to  calculate  the  maximum  quantity  of  air  induced  by  the  compressor  of  the 
turbo  charger,  this  being  approximately  57  FT  /sec.  at  the  stated  inlet  conditions  to 
the  compressor  (i.e.  atmospheric  pressure  and  15°C.  or  59°F,.). 

The  Mechanical  Engineering  Department  had  available  two  jet  aircraft 
engines,  a  Derwent  H  and  an  Oranda  8.  Since  the  DerwentlThad  about  one-third  the 
thrust  of  the  Oranda,  and  10  combustion  chambers  compared  with  the  Oranda's  6,  it 
was  thought  that  the  Derwent  chamber(s)  would  be  more  suitable. 


I<  ft  :  D 


77 


Since  specific  information  as  to  the  air  mass  flow  rate  of  the  Derwent  was 

00  0/1 

not  available,  a  rough  check  was  obtained  from  Wilkinson  '  by  plotting  the  mass 

flow  in  pounds  of  air  per  second  at  inlet  against  thrust  output  for  numerous  engines 

given  in  the  reference.  Figure  A-2  shows  the  resultant  curve  with  the  range  of  the 

9  S 

Derwent  ET  clearly  marked.  This  range  was  obtained  from  Pearson  .  This  figure  shows 
then,  that  the  capacity  of  the  Derwent  is  approximately  40  pounds  mass  of  air  per  second 
at  inlet  conditions.  Since  there  are  10  combustion  chambers,  each  chamber  is  capable 
of  handling  about  4  pounds  mass  of  air  per  second. 

Converting  4  pounds  mass  of  air  per  second  to  feet  cubed  per  second  at 
the  compressor  inlet  conditions  of  13.5  p.s.  i .  a,  (for  Edmonton)  and  59°F . ,  assuming 
perfect  gas  laws, 

Pv  =  RT  AJ 

or  v  =  RT 

T 

V  =  53.3  X  519  =  14.22  FT3/lbm 
13.5  x  144 

Therefore  one  Derwent  chamber  can  handle 
4  Ibm/sec .  x  14.22  FT3/lbm  =  56.88  FT3/sec. 

Comparing  this  value  with  the  maximum  of  the  turbo  charger,  i.e.  57  FT0/ 
sec.,  it  is  seen  that  one  chamber  should  ideally  fit  the  requirements  since  maximum 
speeds  and  mass  flow  were  not  intended  to  be  used  in  the  actual  running  of  tests. 

It  should  also  be  noted  that  the  Derwent  engine  is  designed  to  operate  in 
the  range  of  4  atmospheres  pressure,  which  is  well  above  the  capabilities  of  the  Brown 
Boveri  unit.  Whether  or  not  this  will  have  any  effect  on  the  combustion  characteristics 
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FIGURE  A  -  2  MASS  AIR  FLOW  versus  THRUST  FOR  JET 

AIRCRAFT  ENGINES 
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of  the  chamber  is  hard  to  determine  (i.e.  combustion  efficiency  and  film  cooling  of 
the  inner  "can"). 

A. 4  Fuel  Spray  Characteristics 

Once  the  decision  to  use  a  Derwent  combustion  chamber  was  made  it 
seemed  desirable  to  make  a  study  of  the  spray  characteristics  and  fuel  flow  rates  of  a 
Derwent  fuel  nozzle  or  burner. 

The  actual  testing  of  the  burner  was  done  by  using  a  1/4  H.P.,  110  volt 
electric  motor  to  drive  a  gear  pump  pumping  varsol  through  the  burner.  Since  the  gear 
pump  is  of  the  positive  displacement  type,  a  by-pass  system  was  used  as  shown  in 
figure  A-3. 

The  burner  was  supported  independently  of  the  container  with  a  trans¬ 
parent  lid  permitting  observations.  The  valve  controlled  the  pressure  (i.e.  flow)  at 
the  burner  since  the  flow  through  the  burner  orifice  depends  upon  the  pressure  of  the 
fluid  at  the  orifice.  When  the  valve  was  fully  open,  the  flow  through  the  burner  was 
nil . 

The  characteristics  shown  in  figure  A-4  were  obtained  by  visual  observa¬ 
tion  (a  haze  would  form  over  the  container  if  the  lid  was  left  off)  and  by  the  replacement 
weight  method  for  the  mass  flow. 

It  should  be  noted  that  the  burner  was  designed  to  use  the  compressed  air 
entering  the  inner  "can"  to  help  impart  additional  swirl  to  the  fuel.  Thus,  these 
observations  could  conceivably  be  in  error,  but  do  give  good  indications  of  the  actuai 


characteristics. 
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FIGURE  A  -  3  METHOD  OF  TESTING  DERWENT  BURNER 
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FIGURE  A- 4  SPRAY  CHARACTERISTICS  OF 

DERWENT  BURNER 
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FIGURE  A-5  EQUIPMENT  TOR  COMBUSTION 

CHAMBER  IGNITION  TESTS 


FIGURE  A-6  COMBUSTION  CHAMBER  SHOWING  THE 

OUTER  LINER  AND  THE  INNER  "CAN" 
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A.  5  Flame  Testing  of  the  Combustion  Chamber 

After  choosing  the  combustion  chamber  and  checking  the  characteristics 
of  the  burner,  the  next  obvious  step  was  to  see  if  it  was  possible  to  obtain  a  stable 
flame  in  the  combustion  chamber  at  atmospheric  pressure.  To  do  this  the  combustion 
chamber  was  set  up  in  the  same  jet  room  as  shown  in  figure  A -5.  Initially,  compressed 
air  from  the  University  Power  Plant  and  the  Mech.  E.  340  laboratory  was  used. 

The  compressed  air  entered  the  pipe  shown  on  the  left  of  figure  A-5,  and 
then  ran  through  tin  duct  work  around  to  the  end  of  the  combustion  chamber  as  would 
be  the  case  when  set  up  in  the  turbine.  (See  figure  A-12.) 

In  order  to  facilitate  this,  certain  modifications  were  made  to  the  outer 
liner  of  the  combustion  chamber.  Initially  the  chambers  in  the  aircraft  engine  looked 
as  shown  in  figure  A-6,  with  2  holes  in  the  outer  chamber  to  allow  the  flame  to  jump 
from  one  chamber  to  the  next  on  light  up.  One  of  the  holes  can  be  seen  on  the  left 
side  of  the  chamber  in  figure  A-6.  These  holes  were  plugged,  as  shown  in  figure  A -7. 
With  the  plugs  installed,  the  outside  of  the  chamber  looks  as  in  figure  A-5  or  A-9. 


STEEL 

DISKS 


FIGURE  A  -  7  METHOD  USED  TO  BLOCK 

EXTRA  FLAME  JUMP  HOLES 
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In  addition  to  this,  the  straight  portion  of  the  outer  chamber  was  cut 
from  another  chamber,  the  flame  holes  plugged,  and  mounted  back  to  back  to  the 
original  chamber  as  shown  in  figure  A-8.  This  can  also  be  seen  in  figure  A-9.  This 
allowed  an  8"  circular  metal  duct  to  be  fitted  snugly  over  the  end  to  complete  the  air 
flow  circuit  as  shown  in  figures  A -5  and  A-9, 


FIGURE  A  -  8  METHOD  OF  MODIFYING 

COMBUSTION  CHAMBER 

The  combustion  chamber  was  then  mounted  in  the  ram  jet  room  as  shown 
in  figure  A-5.  For  safety  sake,  the  controls  were  mounted  outside  the  ram  jet  room 
on  a  bench  allowing  the  operator  to  observe  the  operation  of  the  tests  through  a  hole 
in  the  wall  (see  figure  A- 10)* 

In  the  initial  tests,  to  insure  positive  ignition,  a  lighted  propane  torch 
was  used  in  place  of  the  Derwent  ignitor  plug.  These  tests  showed  that  a  flame  could 
be  obtained  using  diesel  fuel  or  kerosene  pumped  in  from  outside  the  room.  They  also 
showed  that  a  much  greater  supply  of  air  was  required  to  maintain  a  flame  for  any 


. 


85 


FIGURE  A- 9  CLOSE-UP  OF  THE  COMBUSTION 

CHAMBER  DURING  FLAME  TESTS 


FIGURE  A-l 0  VIEW  OF  OBSERVATION  PORT  AND 

TURBO  CHARGER  BEFORE 
CONVERSION 
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length  of  time. 

A  larger  and  steady  supply  of  air  was  obtained  from  the  "nozzle"  air  gun 
shown  in  figure  A-5.  Controlling  the  air  supply  by  fan  speed  variation  by  use  of  a 
variac,  flames  were  obtained  using  diesel  fuel  or  kerosene,  still  using  the  propane 
torch  as  the  source  of  ignition.  As  a  matter  of  interest,  the  propane  torch  was  still 
lit  at  the  conclusion  of  each  test. 

The  next  step  was  to  obtain  a  more  normal  means  of  ignition,  that  is 
spark  ignition.  To  do  this,  the  spark  transformer  and  an  ignitor  from  the  Oranda  engine 
were  used.  Since  the  Oranda  transformer  would  not  spark  the  Derwent  plug,  the  Oranda 
plug  was  modified  to  fit  the  Derwent  chamber  and  to  accept  the  Derwent  fuel  catcher. 

With  this  ignitor  and  the  "nozzle"  gun,  flames  were  obtained  using  both 
kerosene  and  methyl  alcohol  within  20  -  30  seconds  of  pump  on. 

When  diesel  fuel  or  kerosene  was  ignited,  a  "whump"  was  always  heard, 
while  with  the  methyl  alcohol,  no  noise  accompanied  ignition.  The  methyl  alcohol 
burned  very  quietly  with  a  blue  flame,  while  both  diesel  fuel  and  kerosene,  having 
about  twice  the  heating  value  per  pound  mass,  burned  bright  yellow  even  with  minimum 

pump  pressure  and  maximum  air  flow. 

Because  of  the  rather  low  temperature  restriction  in  the  turbo  charger, 
1200°F.,  it  was  necessary  to  check  the  flame  temperature  leaving  the  combustion 

chamber  to  see  if  it  was  acceptable. 

To  do  this,  5  iron-constantan  thermocouples  were  connected  to  an 


automatic  balancing,  40  position,  2  range,  Honeyweil  potentiometer  reading  in  degiees 
Fahrenheit.  One  thermocouple  was  put  into  the  flame  itself,  one  in  the  outside  of  the 
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outer  liner,  and  three  at  an  outlet  of  the  chamber  as  shown  in  figure  A-9. 

Diesel  fuel  was  not  used  in  this  series  of  tests  because  its  ability  to 
ignite  readily  was  doubted.  The  methyl  alcohol  proved  to  be  very  good,  while  the 
kerosene  seemed  to  produce  a  flame  too  hot  for  start  ups  on  the  turbine. 

A. 6  Initial  Modifications  to  the  Turbo  Charger 

For  easy  adaptation  of  the  combustion  chamber  to  the  turbo  charger, 
figure  A- 10,  the  right  hand  end  was  rotated  through  90°  as  shown.  Thus  the  compressor 
outlet  and  the  turbine  inlet  were  placed  in  the  same  plane. 

The  turbo  charger  was  then  mounted  on  a  frame  and  then  on  a  dolly  so  it 
could  easily  be  moved  in  under  the  exhaust  stack  in  the  ram-jet  room  (figure  A-12). 

The  combustion  chamber  was  then  attached  to  the  turbine  iniet  with  the 
air  "nozzle"  gun  still  attached  as  in  figure  A -5.  This  allowed  a  check  on  the  ability 
of  the  fuels  to  ignite  and  the  critical  temperature  at  the  nozzle  ring  inlet.  A  water 
line  was  also  connected  to  the  jacketing  on  the  turbine  as  a  good  safety  precaution. 

The  control  system  was  as  described  before,  except  the  revolution  per 
minute  indicator  was  added  (see  section  2.1.1  for  details).  This  instrument  was 
originally  gear  driven  through  a  5  to  1  reduction,  but  after  a  few  hours  of  trials,  the 
gears  failed  and  were  replaced  by  fibre  friction  disks  as  shown  in  figure  2-6,  which 
have  worked  satisfactorily  ever  since.  It  was  later  found  that  the  R.  P .M.  readings 
shown  by  this  instrument  were  approximately  twice  the  actual  value. 

A. 7  Initial  Trials 

Due  to  the  repetition  of  several  runs  in  the  initial  trials,  a  summary  has 
been  made  in  table  A-l  „  It  should  be  remembered  that  the  error  in  the  revolutions  per 
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FIGURE  A-ll  GENERAL  VIEW  OF  TURBINE  DURING 

INITIAL  TRIALS 


FIGURE  A-12  GENERAL  VIEW  OF  TURBINE  BEFORE 

ADDITION  OF  SECOND  COMBUSTION 

CHAMBER 
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minute  indicator  had  not  been  found  at  this  time  so  that,  as  in  the  case  of  series  14, 
the  indicated  speed  was  about  7800  RPM,  coupled  with  the  4"  of  Hg  total  pressure 
produced  a  not  unlikely  spot  in  the  Brown  Boveri  compressor  curves.  Thus  things  were 
thought  to  be  working  out  quite  nicely  at  this  time. 


SUMMARY  OF  INITIAL  TESTS 
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TABLE  A-l  Continued 
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TABLE  A-l  Continued 
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A.  8  Additional  Modifications 

As  the  previous  set  of  series  runs  ended  with  the  second  term  in  the  spring 
of  1962,  it  was  decided  that  if  a  really  serious  attempt  was  to  be  made  on  the  turbine, 
extensive  modifications  and  instrumentation  were  needed. 

Since  the  ram  jet  had  arrived  and  was  going  to  be  installed  in  the  room 
presently  used,  it  was  decided  to  move  the  turbine  into  the  south  east  corner  of  the 
C.F.R,  engine  room,  so  that  an  exhaust  duct  could  be  run  from  the  turbine,  through 
the  observation  hole  used  in  the  past,  to  the  exhaust  stack  in  the  ram  jet  room. 

Deep  consideration  was  also  given  to  a  statement  by  Brown  Boveri  mention¬ 
ing  that  full  use  should  be  made  of  the  gas  inlet  ports,  thus  requiring  two  combustion 
chambers.  This  statement  was  soon  confirmed  when  the  turbine  was  dismantled  to 
check  the  condition  of  the  nozzle  ring  and  the  turbine  blades. 

Photographs  taken  at  this  time  are  shown  in  figures  A-13  and  A-14.  In 
figure  A-13,  no  apparent  damage  is  seen,  but  in  figure  A-14,  it  is  evident  that 
effectively  only  one-half  the  nozzle  ring  area  had  been  used,  that  is  the  light  area, 
while  the  other  one-half  was  covered  with  carbon  left  over  from  the  turbo  charger's 
use  on  a  diesel  engine.  Also  evident,  but  not  seen  here,  was  that  the  section  of  the 
nozzle  ring  used  was  warped  from  excessive  temperatures  reached  on  light  ups  with 
kerosene. 

Exactly  how  to  add  a  second  combustion  chamber  was  thoroughly  discussed, 
and  since  equal  flow  to  each  chamber  could  not  be  insured  in  any  set  up,  it  was 
decided  to  make  the  airflow  somewhat  in  favor  of  the  top  chambei,  since  the  steam 
injection  was  going  to  take  place  in  the  lower  chamber  only.  The  installation  decided 
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FIGURE  A-13  TURBINE  BLADES  AFTER  THE  FIRST 

SERIES  OF  TRIAL  RUNS 


FIGURE  A- 1 4  NOZZLE  RING  AFTER  "THE  FIRST 

SERIES  OF  TRIAL  RUNS 
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upon  also  reduced  the  cost  considerably  as  standard  8"  pipe  is  quite  expensive. 

The  lower  combustion  chamber  (see  figure  2-4)  is  identical  to  the  top 
chamber,  and  a  flame  jump  tube  was  added  between  them.  It  was  hoped  that  this 
flame  tube  would  help  ignite  one  chamber  or  the  other  in  starts,  or  in  case  of  a  flame 
out  in  one  chamber.  In  actual  practice  the  lower  chamber  has  ignited  itself  in  start 
up  without  spark  ignition. 

Having  set  up  the  combustion  chamber  as  in  figure  2-4,  the  duct  work 
from  the  compressor  to  the  combustion  chambers  was  added  as  shown  in  figure  2-2.  In 
order  to  make  combustion  chamber  removal  fairly  easy,  two  bolt  flanges  were  cut  from 
extra  chambers  and  welded  in  to  the  8"  pipe,  so  a  mechanical  connection  exists 
between  the  chambers  and  the  pipe  as  shown  in  figure  2-4. 

Next  a  10"  circular  duct  with  a  pitot  tube  traversing  station  was  con¬ 
structed  for  the  air  intake  to  the  compressor  as  shown  in  figure  2-1  .  The  measuring 
station  was  originally  calibrated  on  an  heater-air  conditioner  unit,  but  proved  to  be 
insufficient  and  was  later  re-calibrated  on  the  wind  box  in  the  Mechanical  Engineering 
air  flow  laboratory  using  the  Keith  fan  and  the  General  Electric  D.C.  motor  to  drive 
the  fan.  The  calibration  curve  obtained  is  shown  in  figure  2-12. 

The  air  intake  duct  was  attached  to  the  compressor  inlet  by  a  transition 

piece.  This  can  be  seen  in  figure  2-3. 

The  pressure  tappings  and  thermocouples  were  next  installed.  The  pressure 

tappings  consist  of  a  total  head  tube  at  the  compressor  outlet  as  seen  in  figure  2-2,  and 
static  pressure  tappings  before  each  combustion  chamber  as  shown  in  figure  2-4.  These 
tappings  were  connected  through  tygon  tubing  to  U-tube  manometers  filled  with  mercury 
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as  seen  in  the  left  of  figure  2-1  . 

The  thermocouples  consist  of  iron-constantan  before  and  after  the 
compressor  and  before  each  combustion  chamber,  while  chromel  alumel  thermocouples 
inside  stainless  steel  jackets  were  used  at  the  hotter  locations,  before  and  after  the 
turbine  wheel.  The  locations  of  these  chromel  and  alumel  thermocouples  can  be  seen 
in  figures  2-3,  2-4  and  2-6.  All  the  thermocouples  are  connected  into  the  before 
mentioned  40  position  potentiometer  (see  figure  2-13). 

The  rest  of  the  controls  remained  the  same  with  the  exception  of  a  "T" 
connection  which  was  installed  in  the  fuel  line.  This  had  a  quick  action  shut  off 
valve  to  feed  the  lower  combustion  chamber. 

When  most  of  the  above  had  been  completed,  several  run  ups  were  tried 
on  the  starter  fed  by  42  volts.  Speeds  reaching  4500  RPM  actual  were  obtained  but 
very  low  pressures  occured,  and  the  points  in  the  Brown  Boveri  chart  did  not  match  up 
well  at  all  when  compared  with  the  air  flow  measurements. 

The  reason  for  the  increase  in  the  free  running  speed  over  the  previous 
values  of  about  2500  RPM  actual  (see  table  A-l)  was  probably  due  to  less  resistance  to 
air  flow  offered  by  the  two  chambers  compared  to  one. 

Several  of  these  runs  were  made  with  similar  results.  Finally,  the  starter 
lost  its  power,  the  batteries  being  used  only  3  times  since  the  last  charging.  The 
starter  was  dismantled  and  inspected.  New  bearings  were  installed,  but  the  starter 
still  lacked  power.  A  check  of  the  batteries  showed  that  they  were  very  weak  and 


since  it  takes  a  week  to  recharge  them,  a  more  reliable  source  of  power  was  sought. 
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The  answer  to  this  problem  was  found  in  a  60  H.P,  D.C,  dynamometer 
driven  by  a  3-cylinder,  2-stroke,  G.M.C.  Diesel  engine  which  the  Mechanical 
Engineering  Department  has  in  its  internal  combustion  laboratory.  Checking  the  output 
of  the  dynamometer  through  a  load  bank,  it  was  found  that  with  maximum  field  excita¬ 
tion  at  600  RPM,  50  volts  and  250  amps  could  be  produced,  which  was  about  equivalent 
to  the  output  of  the  batteries.  With  minimum  field  excitation,  these  values  dropped 
to  30  volts  and  100  amps  at  600  RPM. 

Electrical  cable  was  then  run  from  the  dynamometer  to  the  starter  through 
a  switch  for  cutting  in  and  out  the  power.  Since  the  diesel  could  not  be  controlled 
from  the  C.F.R.  engine  room,  it  was  run  at  600  RPM  and  maximum  field  excitation. 

This  worked  well  until  the  shear  pin  in  the  starter  drive  began  to  break  due  to  the 
instantaneous  maximum  power  input.  To  get  around  this  a  12  volt  battery  was  connected 
into  the  circuit  with  a  switch  as  shown  in  figure  A-15. 


D.  C. 

DYNAMOMETER 


FIGURE  A  -  15  METHOD  OF  APPLYING 
LOW  AND  HIGH  VOLTAGE  TO  STARTING 
MOTOR 
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This  allows  the  turbine  to  be  started  easily  in  12  volts  (2000  RPM  actual) 
and  switched  to  the  diesel  for  maximum  run  up  speed, 

A, 9  Additional  Trials  and  Success 

Again  the  trials  have  been  tabulated  as  in  section  A.  7,  and  it  should 
be  noted  that  there  is  some  overlapping  between  section  A.  8  and  this  section. 

It  should  also  be  noted  that  only  short  summaries  of  equipment  modifica¬ 
tions  are  given  here,  while  a  more  detailed  description  of  the  final  arrangement,  i.e. 
series  29,  is  given  in  the  description  of  the  apparatus,  chapter  2, 

While  additional  trials  were  run  after  no.  29,  they  were  exclusively 
thermal  efficiency  runs  and  are  summarized  in  chapter  5. 


ADDITIONAL  TRIALS 
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TABLE  A-2  Continued 
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TABLE  A- 2  Continued 
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TABLE  A- 2  Continued 
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